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ABSTRACT 
  
This thesis represents recent development on a novel antimicrobial agent consisting of 
a multicopper oxidase, namely IOX, produced by an iodide-oxidizing bacterium Iodidimonas 
sp. strain Q-1. This strain was isolated from natural gas brine water in Miyazaki prefecture, 
Japan, which contains very high concentration of iodide, and is able to oxidize iodide (I-) to 
form molecular iodine (I2) by means of IOX in the presence of dioxygen (O2). I2 is well known 
for its antimicrobial efficacy even though the precise mode of action is still unclear. Povidone-
iodine (PVP-I), one of iodophors, is widely used as a broad-spectrum antiseptic. However, 
PVP-I is not eco-friendly since it contains surfactant and polyvinylpyrrolidone. In addition, 
PVP-I is less effective against bacterial spores, especially Bacillus spores, which sometimes 
cause flat-sour spoilage and food poisoning. Therefore, the demand for natural antimicrobial 
systems with high sporicidal activities is increasing. To date, several peroxidases have been 
reported to produce I2 and have enough activity to kill various microorganisms. However, such 
peroxidase-based antimicrobial systems require hydrogen peroxide (H2O2), which is toxic and 
corrosive. Alternatively, multicopper oxidases do not need H2O2 but O2 as the electron acceptor. 
Thus, the multicopper oxidase-based antimicrobial system would be much more advantageous 
over the peroxidase-based system in terms of safety, simplicity, and environmental friendliness. 
In the first half of this thesis, the antimicrobial activity of the IOX/iodide system was 
determined to understand whether this system could be useful as a novel enzyme-based 
antimicrobial agent. Both Gram-positive and Gram-negative bacteria tested were killed 
completely within 5 min by 50 mU mL-1 of IOX and 10 mM iodide. The sporicidal activity of 
the system was also tested and compared with PVP-I. IOX (300 mU mL-1) killed Bacillus 
cereus, B. subtilis, and Geobacillus stearothermophilus spores with decimal reduction times of 
2.58, 7.62, and 40.9 min, respectively. However, 0.1% PVP-I killed these spores with much 
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longer decimal reduction times of 5.46, 38.0, and 260 min, respectively. To evaluate the more 
superior sporicidal activity of the IOX system over PVP-I, the amount of free iodine (non-
complexed I2) was determined by an equilibrium dialysis technique. The IOX system included 
more than 40 mg L-1 of free iodine, while PVP-I included at most 25 mg L-1 free iodine. These 
results suggested that the new enzyme-based antimicrobial system was effective against a wide 
variety of microorganisms and bacterial spores, and that its strong biocidal activity is due to its 
high free iodine content, which is probably maintained by re-oxidation of iodide released after 
oxidation of cell components by I2.  
Based on 16S rRNA gene sequence, iodide-oxidizing bacteria are divided into two 
distinct groups within the class Alphaproteobacteria. One of the groups is most closely related 
to Roseovarius tolerans and Roseovarius mucosus with sequence similarities of 94 to 98%. The 
other group is closely related to the genera Rhodothalassium and Kordiimonas, for which 
Iodidimonas gen. nov was recently proposed to be named. Draft genome analysis of 
Iodidimonas sp. Q-1 has already been carried out, and a structural gene coding for IOX (ioxA) 
has been identified. IOX of Roseovarius sp. A-2 was recently characterized biochemically, but 
genome sequence of strain A-6 has not been elucidated so far. Thus, in the last half of this 
thesis, draft genome sequence of Roseovarius sp. A-2 was determined for future practical 
application of this strain. The draft genome contained 46 tRNA genes, 1 copy of a 16S-23S-5S 
rRNA operon, and 4,514 protein coding DNA sequences (CDS), of which 1,207 (27%) were 
hypothetical proteins. The genome contained four multicopper oxidase genes, among which 
one was closely related to ioxA. The genome did not contain photosynthetic gene cluster (puf, 
bch, and crt genes) and autotrophic CO2 fixation pathway genes such as rbc genes. The genome 
contained at least 39 genes coding for cytochrome c. A nearly complete set of genes for the 
flagellar system (flg, fli, and mot), type II secretion system (gsp), type IV secretion system 
(virB), general secretion system (sec), and twin-arginine translocation pathway (tat) was 
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identified. A wide variety of ABC transporters, including those involved in spermidine, 
putrescine, glycine betaine, sorbitol/mannitol, and glycerol transport, were identified. Various 
proteins involved in aerobic metabolism, such as NADH dehydrogenase (nuo), succinate 
dehydrogenase (sdh and frd), cytochrome-c oxidase (cbb3-type and bd complex), catalase-
peroxidase (katG), and superoxide dismutase (sodB), were identified. These results suggest that 
Roseovarius sp. A-2 is an aerobic heterotrophic iodide-oxidizing bacterium, and that it is well 
adapted to natural gas brine water environments. 
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論文要旨（日本語） 
 
ヨウ素酸化細菌はヨウ化物イオン（I-）を分子状ヨウ素（I2）へ酸化する細菌の総称
で、日本各地のかん水や海水から単離されている。本論文は、ヨウ素酸化細菌の持
つ特異な酵素（IOX）を用いた酵素殺菌剤の開発、及びヨウ素酸化細菌のさらなる
応用を目指し、ドラフトゲノム解析を行った結果について纏めたものである。IOX
の生成物である I2は、種々の微生物や一部の細菌芽胞に対しても殺菌力がある。現
在広く普及しているヨウ素系除菌剤はポビドンヨード（PVP-I）であるが、天然由来
の酵素を利用した除菌剤も需要が伸びつつある。そこで IOXと I-からなる除菌シス
テムの抗菌スペクトルを確認したところ、食中毒細菌等を 5分以内に除菌できた。
また３種の芽胞に対する除菌効果を PVP-Iと比較したところ、IOXの方が優れた効
果を示した。さらにヨウ素の殺菌力の本体である遊離ヨウ素を定量したところ、
IOXは遊離ヨウ素をより多く発生でき、食品製造現場等における今後の応用が期待
された。次にヨウ素酸化細菌の１種、Roseovarius sp. A-2株のドラフトゲノム解析を
行った。およそ 4.58 Mbのゲノムより、CDSは 4,514個、tRNAが 46個、rRNAは１
コピー見出された。ゲノム中には、IOXの構造遺伝子 ioxAが存在した。解糖系の鍵
酵素をコードする pfkや光合成遺伝子群は欠損していた。これに対し、一酸化炭素
や水素、還元型硫黄化合物をエネルギー源とする遺伝子群や、DMSPを資化する遺
伝子群が存在した。以上の結果から、A-2株は一般的な糖ではなく、かん水や海水
に存在する別の炭素源やエネルギー源を優先して利用することが示唆された。 
 
 
 
 
 
 
 
 
 
 
 
9 
Ringkasan Disertasi 
Iodidimonas sp. Strain Q-1 menghasilkan multicopper oksidase (IOX) secara ekstraselular, 
yang mengkatalisis oksidasi iodida (I-) untuk membentuk yodium molekuler (I2). Dalam 
penelitian ini, ditentukan aktivitas antimikroba dari sistem IOX. Bakteri Gram positif dan 
Gram-negatif yang diuji tereliminasi sepenuhnya dalam waktu 5 menit menggunakan sistem 
IOX. Efek sterilisasi terhadap tiga spora Bacillus spp dilakukan menggunakan sistem IOX 
dibandingkan dengan PVP-I, hasilnya menunjukkan efek yang sangat baik terhadap sistem 
IOX. Selanjutnya konsentrasi yodium bebas yang merupakan senyawa iodida yang berperan 
sebagai antimikrobial diukur, IOX menghasilkan yodium bebas yang lebih tinggi dari PVP-I. 
Sistem IOX diharapkan dapat diaplikasikan sebagai disinfektan alami untuk industri makanan, 
medis atau sejenisnya. Kemudian dilakukan analisis rancangan genom salah satu bakteri 
pengoksidasi yodium Roseovarius sp. A-2 yang menghasilkan 4,58 Mb genom, 4.514 CDS, 46 
tRNA, 1 salinan rRNA. Didalam genom terdeteksi gen struktural ioxA dari Iox. Gen 
fosfofruktokinase (PFK) sebagai enzim kunci untuk glikolisis dan gen untuk kode fotosintesis 
tidak terdeteksi. Sebaliknya, gen untuk pengkodean karbon monoksida dan hidrogen, atau gen 
untuk sumber energi untuk reduksi senyawa-senyawa sulfur, kelompok gen asimilasi DMSP 
terdeteksi. Dari hasil penelitian ini, strain A-2 berperan tidak hanya dalam siklus biogeokimia 
yodium, tetapi juga pada siklus karbon dan sulfur di lingkungan perairan laut. Konsep genom 
ini memberikan wawasan terperinci tentang metabolisme dan aplikasi potensial dari 
Roseovarius sp. A-2. 
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Chapter I: GENERAL INTRODUCTION 
  
1. What is iodine 
 
Chemistry and compounds of iodine  
 
Iodine (I) is a nonmetallic halogen element and is a dark violet crystalline in its 
elemental form. Elemental iodine has a typical chlorine-like odor at room temperature, and 
volatilizes immediately into a gas phase. Thus, it is unstable in aqueous solution and only 
slightly soluble (0.3 g/L at 25 ˚C) forming a yellowish-brown solution. Iodine has at least 
twelve inorganic chemical species including iodide (I-), elemental iodine (I2), triiodide (I3
-), 
I5
-, I6
2-, hypoiodous acid (HOI), hypoiodite (OI-), HI2O
-, I2O
-, OI-, H2OI
+, and iodate (IO3
-) 
(Gottardi, 1983). In addition, various organic iodine compounds such as methyl iodide (CH3I) 
(Rasmussen et al., 1982; Reifenhäuser and Heumann, 1992), ethyl iodide (CH3CH2I) 
(Yokouchi et al., 1997; Carpenter et al., 1999), diiodomethane (CH2I2) (Klick and 
Abrahamsson, 1992; Carpenter et al., 1999), and chloroiodomethane (CH2ClI) (Klick and 
Abrahamsson, 1992; Moore and Tokarczyk, 1992; Carpenter et al., 1999) have been observed 
in seawater and the atmosphere. Iodine has 1 stable isotope, 127I, and several radioisotopes, 
including 129I with the longest half-life (15.7 million years). 129I is naturally produced in the 
atmosphere by cosmic ray interactions with xenon, and by the spontaneous fission of 238U in 
the earth’s crust (Fabryka-Martin et al., 1985). However, in the post nuclear era, the amount 
of anthropogenic 129I released from nuclear weapon testing and nuclear facilities is higher 
than that produced naturally (Moran et al., 1999; Raisbeck and Yiou, 1999; Buraglio et al., 
2001; Hou et al., 2002). Given its long half-life, 129I can participate in the biogeochemical 
cycling of stable iodine (Cohen, 1985) and can potentially accumulate in the human thyroid 
gland (Fuge and Johnson, 1986). 
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Biological role of iodine 
 
In most vertebrates, iodine must be provided in the diet as an essential element for 
synthesis of thyroid hormones, i.e. thyroxine (T4) and triiodothyronine (T3). Thyroid 
hormones are primarily responsible for regulation of metabolism, and are essential to proper 
development and differentiation of all cells of the human body. Deficiency of iodine intake 
can cause inadequate thyroid hormone production associated with goiter and hypothyroidism 
(Hetzel, 1983; Hetzel and Mano, 1989). It is also associated with cretinism and increased 
neonatal and infant mortality when severe iodine deficiency occurs during pregnancy. The 
World Health Organization (WHO) suggests the daily iodine consumption for infants and 
children up to five years (90 µg), for children 6 to 12 years (120 µg), for children more than 
12 years and adults (150 µg), and during pregnancy and lactation (250 µg) (Anderson et al, 
2007). Sea foods such as fishes and kelps, some drinking water, and vegetables grown in 
iodine sufficient soil are typical sources of iodine, or in some cases it is added by table salt. 
In field regions, especially in mountainous areas such as the Andes, Alpines, and Himalayas, 
iodine is notably deficient (World Health Organization, 1993). Japan is one of countries 
which appear to have sustainable iodine adequacy, since Japanese people have been 
consuming sea foods such as kelps (konbu) and other seaweeds (nori, hijiki and wakame) for 
long time.  
 
Biogeochemical cycling of iodine 
 
The most significant feature of the biogeochemical cycling of iodine is its volatilization 
from the ocean into the atmosphere (Whitehead, 1984; Fuge and Johnson, 1986; Fuge and 
Johnson, 2015). Iodine is thought to volatilize from seawater in the form of organic iodine 
compounds (Lovelock et al., 1973). CH3I may play an important role in global iodine transfer, 
since its atmospheric concentration is the highest among various organic iodine compounds. 
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CH3I is produced by marine organisms such as macroalgae (kelps) and phytoplanktons 
(Lovelock et al., 1973; Rasmussen et al., 1982). However, annual production of CH3I by these 
organisms (106 to 1010 g year-1) is still insufficient to account for the global CH3I production 
(1011 to 1012 g year-1) (Manley and Dastoor, 1987; Schall et al., 1994; Nightingale et al., 1995; 
Itoh, 1997; Manley and de la Cuesta, 1997). Amachi et al. (Amachi et al., 2001) found that a 
wide variety of marine and terrestrial bacteria were capable of methylating iodide (I-, oxidation 
state; -1) to form CH3I. Annual bacterial CH3I production in the ocean was roughly assessed 
based on the mean rate of CH3I production by resting cells of 10 marine bacterial strains (2.5 
pg day-1 1010 cells-1) (Amachi et al., 2001), and the total number of procaryotic cells in the 
upper 100 m of the open ocean (1.8  1028 cells) estimated by Whitman et al. (1998). The 
estimated value (1.6  109 g year-1) is at least one order of magnitude greater than annual 
macroalgal production (106 to 108 g year-1) and comparable to that produced by phytoplanktons 
(109 to 1010 g year-1), suggesting that bacteria are a potential new source of CH3I in the ocean 
(Fig. 1) (Amachi, 2008). It is also considered that bacteria contribute significantly to the 
volatilization of iodine from soil environment, another reservoir of iodine on the earth (Fuge 
and Johnson, 2015). Bacterial contribution to iodine volatilization from soil or seawater was 
also studied directly by using soil slurries or seawater samples (Amachi et al., 2003; Amachi 
et al., 2004). 
Certain organisms such as vertebrates, coral, algae, sponges, lobworms and shellfishes 
are known to accumulate iodine (Fig. 1). Among these, sodium/iodide symporter-dependent 
iodine uptake and accumulation by thyroid gland in mammals is well known (Eskandari et al, 
1997; De La Vieja et al., 2000; Smyth and Dwyer, 2002). This transmembrane protein co-
transports sodium ion with iodide ion into the thyroid against a concentration gradient. The 
driving force for the process is an electrochemical gradient of sodium ion across the membrane. 
As a result of this active transport system, the normal thyroid concentrates iodide  
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by a factor of 20 to 40 (Smyth and Dwyer, 2002). Recently, H2O2-depedent iodine uptake by 
brown algae such as Laminaria digitate has been studied in detail (Küpper et al., 1998). Iodide 
in seawater is first oxidized to hypoiodous acid (HIO, oxidation state; +1) by a cell wall 
haloperoxidase in L. digitata, and this non-ionized iodine species then freely penetrates algal 
cells by means of facilitated diffusion, leading to the accumulation of iodine in algal apoplast 
with the maximum concentration factor of 1.5 x 105. Küpper et al. (Küpper et al., 2008) 
reported that the major form of iodine accumulated in L. digitate was iodide, and that it 
functions as an inorganic antioxidant to scavenge a variety of reactive oxygen species (ROS) 
including H2O2, O3, and OH radical.  
The average total concentration of dissolved iodine in seawater is 0.45 µM, and the 
predominant chemical forms are iodide and iodate (IO3
-, oxidation state; +5) (Whitehead, 1984; 
Fuge and Johnson, 1986; Wong, 1991; Fuge and Johnson, 2015). To date, only a few studies 
Wet	and	dry	deposi on	 
Accumula on	 
CH3I	 
IO3
-	(+5)	 I2	(0)	 
HIO	(+1)	 
I-	(-1)	 
Photolysis	(I)	Ozone	destruc on	
Aerosol	forma on	
Spontaneous	
CH2I2・CH2ClI・I2	 Algae	
Phytoplanktons	
Various	bacteria	
Phytoplanktons	
Nitrate	&	iron	reducers	
Pseudomonas	sp.	SCT	
Algae	
Marine	animals	
Arenibacter	sp.	C-21	
Roseovarius	spp.	
and	Iodidimonas	spp.	
129I	
Sorp on	on	soils	
Remineraliza on	
De-iodina on	
Animal	uptake	(T3	&	T4)	
Iodina on	(Org-I)	
Back	to	the	ocean	through	
rivers	and	groundwater	
Vola liza on	 
Reduc on	 
Oxida on	
&	vola liza on	 
Fig.	1.	The	biogeochemical	cycling	of	iodine	(from	Amachi,	2008).	Oxida on	states	of	iodine	
are	shown	in	parentheses.	Since	129I	has	a	very	long	half-life	(1.6	x	107	years),	it	will	enter	the	
cycle	over	long	periods.	Methyl	iodide	(CH3I)	is	vola lized	not	only	from	the	ocean	but	from	
terrestrial	soils	by	the	ac ons	of	fungi,	plants	and	bacteria.	Redox	changes	in	inorganic	iodine	
species	may	also	occur	in	the	terrestrial	environment,	but	the	microbial	effect	is	s ll	unclear.	T3	
and	T4	represent	triiodothyronine	and	thyroxine,	respec vely.	
Spontaneous	
14 
have been conducted on the bacterial reduction of iodate (Fig. 1). Tsunogai and Sase (Tsunogai 
and Sase, 1969) reported that several laboratory strains of nitrate-reducing bacteria reduced 
iodate. They also found that cell-free extracts of Escherichia coli, which included nitrate 
reductase activity, reduced iodate. Desulfovibrio desulfuricans (Councell et al., 1997) and 
Shewanella oneidensis (Farrenkopf et al., 1997) have been reported to reduce iodate, but the 
enzymes involved in the reaction were not determined. Recently, a dissimiratory iodate-
reducing bacterium, designated strain SCT, was newly isolated from marine sediment (Amachi 
et al., 2007). Strain SCT was phylogenetically closely related to a denitrifying bacterium, 
Pseudomonas stutzeri, and can couple the oxidation of acetate to iodate reduction under 
anaerobic growth condition. The strain showed methyl viologen-dependent iodate reductase 
activity, which was located predominantly in the periplasmic space. 
Compared with iodate reduction, there is much unclear about iodide oxidation in the 
environment. The oxidation of iodide to iodate does not occur spontaneously since the first step 
of this process, i.e. the oxidation of iodide to I2 (oxidation state; 0), is a thermodynamically 
unfavorable reaction at the pH of seawater (Wong and Brewer, 1977; Wong, 1991). Once I2 is 
formed, however, the hydrolysis of I2 to form HIO will occur rapidly (Wong, 1982), and finally 
the disproportionation of HIO to form iodate may occur spontaneously (Wong, 1991). Given 
the measurable presence of iodate in seawater, some oxidation of iodide to I2 must be mediated 
in seawater, probably through microbial activities (Wong, 1991). Amachi et al. and other 
researchers (Fuse et al., 2003; Amachi et al., 2005) have discovered iodide-oxidation bacteria 
from iodide-rich natural gas brine waters and seawaters enriched with iodide, but detailed 
descriptions of these bacteria will appear in other sections (see 3. Iodide-oxidizing bacteria and 
4. Iodide-oxidizing enzyme). 
A large number of studies have shown that iodide sorption on soils is inﬂuenced by soil 
microbial activity (Behrens, 1982; Koch et al., 1989; Bors and Martens, 1992; Muramatsu and 
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Yoshida, 1999). The sorption of iodine by soils and sediments is of great importance when 
considering the fate of long-lived 129I released from nuclear facilities (Fig. 1). Decreased 
sorption of iodide by autoclaving, fumigation, air-drying, γ-irradiation, anaerobic treatment (N2 
gas ﬂushing), heat treatment, antibiotics, and reducing agents has been reported (Bors and 
Martens, 1992). These results strongly suggest that soil microorganisms or microbial enzymes 
are involved in the sorption of iodide, probably through the oxidation of iodide to I2/HIO and 
subsequent iodination of soil organic matter such as humic acid (Schulegel et al., 2006; 
Yamaguchi et al., 2006; Schwehr et al., 2009; Yamaguchi et al., 2010; Shimamoto et al., 2011). 
Although several peroxidases were found to iodinate humic acid in the presence of iodide and 
H2O2 in laboratory experiments (Christiansen and Carlsen, 1991), it is unclear whether such 
enzymes actually catalyze the oxidation of iodide in soil environments. Recently, Seki et al. 
(Seki et al., 2013) determined iodide sorption and laccase (a kind of multicopper oxidases) 
activity in 2 types of Japanese soil under various experimental conditions to evaluate possible 
involvement of this enzyme in the sorption of iodide. Batch sorption experiment using 
radioactive iodide tracer (125I-) revealed that the sorption was significantly inhibited by 
autoclaving, heat treatment, -irradiation, N2 gas flushing, and addition of reducing agents and 
general laccase inhibitors (KCN and NaN3). Interestingly, very similar tendency of inhibition 
was observed in soil laccase activity, which was determined using ABTS as a substrate. The 
partition coefficient (Kd: mL g
-1) for iodide and specific activity of laccase in soils (Unit g-1) 
showed significant positive correlation (R2 = 0.8 to 0.9) in both soil samples. Addition of a 
bacterial laccase with an iodide-oxidizing activity to the soils strongly enhanced the sorption 
of iodide. Furthermore, the enzyme addition partially restored iodide sorption capacity of the 
autoclaved soil samples. These results suggest that microbial laccase or multicopper oxidase is 
involved in iodide sorption on soils through the oxidation of iodide (Seki et al., 2013). 
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2. Application of iodine 
Occurrence and production 
Chile and Japan are known as the world’s largest sources of iodine (Munoz, 2000). 
Currently, iodine is produced from two source materials including Chilean saltpeter and 
natural gas field brines (Lyday, 2003). In northern Chile, iodine deposit as calcium iodate is 
commercially mined and processed in the world. Iodine is collected as a by-product of sodium 
nitrate by leaching crushed ore to provide a solution containing high concentrations of sodium 
nitrate and calcium iodate (White, 2010).  
Japan is the world’s second largest iodine producer, accounting for 30% of global iodine 
production, and iodine is produced from underground brine water associated with natural gas 
(Fig. 2). Approximately 80 to 90% of the iodine produced in Japan comes from Boso 
peninsula, Chiba. Specifically, brine water in this region contains approximately 2,000 times 
higher concentration of iodine (more than 100 mg L-1 as iodide) than natural seawater 
(Muramatsu et al., 2001). Annual production of iodine in this area accounts for 6,000 tons. 
Iodine and its derivatives have a number of applications including X-ray contrast media, 
catalysts, feed additives, pharmaceutical preparations, and stabilizers. 
 
Iodine as a disinfectant 
Iodine has a strong oxidizing power, and is used as a raw material for production of 
antimicrobial agents or disinfectants (Cooper, 2007). Its uses include reduction of the 
microbial population on intact skin in preoperative preparation or surgical scrubs and for 
therapeutic applications on wounds and burns. 
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They include tincture of iodine and Lugol’s solutions, but these solutions can be irritating, 
particularly in repeated application. Although the exact mode of action of iodine is still 
unclear, the antimicrobial action is rapid even at very low concentrations. Iodine may rapidly 
penetrate into microbial cells and disrupt key groups of proteins, nucleotides and fatty acids, 
thereby causing cell death (McDonnel and Russel, 1999). 
One of iodine-based disinfectants is iodophor, which is a stable chemical complex of 
iodine and surfactant or polyvinylpyrrolidone (PVP). Among various iodophors, Povidone-
iodine (PVP-I) has high solubility in water, effective against most common pathogenic 
microorganisms, produces no vapour, and is less corrosive to stainless steel than chlorine-
based disinfectants (Fig. 3). Thus, PVP-I has allowed greater flexibility in the use of iodine 
in antiseptic and disinfectant liquids, dry powder and lotions. PVP-I is also used as general 
surface sanitizers and disinfectants, especially in agricultural and veterinary applications 
Iodination is defined as the used of iodine for water disinfection, including drinking water, 
wastewater and swimming pool treatment (Backer, 2000; Anonym, 2004). 
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The antibacterial activity of PVP-I is associated with the elemental iodine (I2) in the 
solution. The difference between a conventional iodine solution and PVP-I is that the 
concentration of the free iodine (non-complexed I2) in PVP-I solution is always very low, 
because practically almost all the iodine exists in a complexed form with PVP (Atemnkeng 
et al., 2006). Thus, the determining factor for bactericidal activity of PVP-I is not the 
concentration of available iodine in the solution but instead is the concentration of free iodine. 
It is also well known that antimicrobial action of PVP-I increases with dilutions (Atemnkeng 
et al., 2006). The content of free iodine increases with dilution, reaching the highest at a 
concentration of 0.1% and then decreases upon further dilution. 
 
3. Iodide-oxidizing bacteria 
Discovery of iodide-oxidizing bacteria 
In 1968, Gozlan (Gozlan, 1968) reported that the sudden death of fish in experimental 
seawater aquaria was linked with a strong iodine odor and a brownish tint to the seawater. He 
isolated an iodide-oxidizing bacterium from the aquaria, which was later named 
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“Pseudomonas iodooxidans sp. nov.” (Gozlan and Margalith, 1973). This heterotrophic 
Gram-negative bacterium oxidized iodide to I2 through an extracellular peroxidase with 
hydrogen peroxide as an electron acceptor (Gozlan and Margalith, 1974). However, “P. 
iodooxidans” has not been deposited in any culture collections and is no longer available. 
Recently, Fuse et al. (Fuse et al., 2003) and Amachi et al. (Amachi et al., 2005) individually 
isolated iodide-oxidizing bacteria from marine environmental samples (Fig. 4). Phylogenetic 
analyses showed that iodide-oxidizing bacteria can be divided into two groups within the 
class Alphaproteobacteria (Fig. 5). One of the groups was most closely related to Roseovarius 
tolerans and Roseovarius mucosus with sequence similarities of 94 to 98%. The other group 
is closely related to the genera Rhodothalassium and Kordiimonas, for which Iodidimonas 
gen. nov was recently proposed to be named (Iino et al., 2017). The iodide-oxidizing reaction 
was mediated by an extracellular enzyme, which was not a peroxidase but an oxidase (Amachi 
et al., 2005). Iodide-oxidizing bacteria produced not only I2 but also volatile organic iodine 
compounds such as CH2I2, CH2ClI and iodoform (CHI3). 
 
 
 
Fig.	4.		Isola on	of	iodide-oxidizing	bacteria	from	natural	gas	brines	(Amachi	et	al.,	2005).	Brine	
waters	collected	from	Mobara,	Chiba,	Japan	(A),	Kita-Kambara,	Niigata,	Japan	(B),	and	Waimata,	
New	Zealand	(C)	were	diluted	and	spread	on	the	MBI	agar	medium	containing	iodide	and	starch.	
A B C
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Iodide-oxidizing bacteria are predominant in iodide-rich environments 
While attempting to isolate iodide-oxidizing bacteria from the environment, Amachi et 
al. (Amachi et al., 2005) made an interesting discovery. They first tried to isolate iodide-
oxidizing bacteria directly from seawater samples, but were unsuccessful because the 
population sizes of the bacteria were always below the detectable limit (10 CFU mL-1). 
However, the population sizes increased to 103 to 105 CFU mL-1 after the seawater samples 
were incubated with a high concentration (1 mM) of iodide, and this “enrichment” process 
enabled them to isolate iodide-oxidizing bacteria repeatedly. Fuse et al. (Fuse et al., 2003) 
also carried out an enrichment of iodide-oxidizing bacteria by inoculating marine samples 
into a liquid medium containing 0.9 mM of iodide. Furthermore, Amachi et al. (Amachi et 
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al., 2005) found that iodide-oxidizing bacteria could be isolated without any enrichment steps 
from natural gas brines, whose iodide levels were very high (60 µM to 1.2 mM). These results 
strongly suggest that iodide-oxidizing bacteria prefer iodide-rich environments. 
 
Ecology of iodide-oxidizing bacteria 
To understand the growth characteristics of iodide-oxidizing bacteria under iodide-rich 
environments, Arakawa et al. (Arakawa et al., 2012) prepared microcosms comprising natural 
seawater and 1 mM iodide, and monitored the succession of microbial communities by 
culture-independent techniques. PCR-denaturing gradient gel electrophoresis (PCR-DGGE) 
and 16S rRNA gene sequence analysis showed that bacteria closely related with iodide-
oxidizing bacteria were predominant in the microcosms after several weeks of incubation 
(Fig. 6).  
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Fig.	6.	PCR-DGGE	analyses	of	microcosms	prepared	from	seawater	collected	from	Futsu,	
Chiba,	Japan	(Arakawa	et	al.,	2012).	The	samples	were	incubated	in	the	absence	or	presence	
of	1	mM	KI	for	3–21	d.	The	DGGE	bands	presented	as	red	characters	are	those	corresponding	
to	iodide-oxidizing	bacteria,	which	was	determined	in	sequencing	analysis.	The	values	beneath	
the	gel	images	represent	the	number	of	iodide-oxidizing	bacterial	cells	per	milliliter	of	the	
microcosms,	which	was	determined	using	Marine	Agar	2216	containing	iodide	and	starch	
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Quantitative PCR analysis targeting specific 16S rRNA gene regions of iodide-oxidizing 
bacteria showed that the relative abundance of iodide-oxidizing bacteria in the microcosms 
in number of 6–76% of the total bacterial population, whereas that in natural seawater was 
less than 1% (Arakawa et al., 2012). When 103 cells mL-1 of iodide-oxidizing bacteria were 
inoculated into natural seawater supplemented with 0.1–1 mM iodide, significant growth (cell 
densities, 105–106 cells mL-1) and I2 production (6–32 µM) were observed. Interestingly, 
similar growth stimulation occurred when 12–44 µM of I2 was added to seawater, instead of 
iodide. Iodide-oxidizing bacteria were found to be more I2 tolerant than the other 
heterotrophic bacteria in seawater. These results suggest that I2 plays a key role in the growth 
stimulation of iodide-oxidizing bacteria in seawater. It is considered that iodide-oxidizing 
bacteria could potentially attack other bacteria with I2 to occupy their ecological niche in 
iodide-rich environments (Fig. 7). 
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Fig.	7.	Proposed	mechanism	by	which	iodide-oxidizing	bacteria	predominate	under	iodide-rich	
environments.	In	normal	seawater,	the	propor on	of	iodide-oxidizing	bacteria	is	very	low,	i.e.	less	than	
0.1%	of	total	bacteria	quan fied	by	qPCR.	However,	once	significant	amount	of	iodide	is	added,	like	as	in	
brine	water,	the	bacteria	ac vely	oxidize	iodide	to	I2,	which	is	bactericidal	for	most	of	marine	bacteria	
even	at	low	concentra ons.	Iodide-oxidizing	bacteria	themselves	are	tolerant	to	up	to	40	µM	of	I2,	and	
remain	to	grow	by	using	organic	ma ers	or	possibly	dead	cells	of	compe ng	bacteria	as	energy	sources.	
Finally,	the	propor on	of	iodide-oxidizing	bacteria	increases	to	12	to	81%	of	total	bacteria	under	such	
iodide-rich	environments.	
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4. Iodide-oxidizing enzyme (IOX) 
IOX of Iodidimonas sp. Q-1 
Suzuki et al. (Suzuki et al., 2012) purified an extracellular iodide-oxidizing enzyme 
(IOX) produced by Iodidimonas sp. Q-1. IOX appeared as a single band (51 kDa) and showed 
significant in-gel iodide-oxidizing activity in sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) without heat treatment. When the culture medium was 
supplemented with 40 µM Cu2+ ion, IOX production was 20 times higher than in the medium 
without Cu2+ ion. The activity of IOX was inhibited by NaN3, KCN, EDTA, and a copper 
chelator, o-phenanthroline. In addition to iodide, IOX showed significant activities toward 
phenolic compounds such as syringaldazine, 2,6-dimethoxy phenol, and p-phenylenediamine. 
IOX contained copper atoms as prosthetic groups and had UV/VIS absorption peaks at 320 
and 590 nm. 
Comparison of several internal amino acid sequences obtained from trypsin-digested 
IOX with a draft genome sequence of strain Q-1 (Ehara et al., 2014) revealed that the products 
of two open reading frames (IoxA and IoxC), with predicted molecular masses of 62 and 71 
kDa, were involved in iodide oxidation (Suzuki et al., 2012). Furthermore, subsequent tandem 
mass spectrometric analysis repeatedly detected peptides from IoxA and IoxC with high 
sequence coverage (32% to 40%). IoxA showed homology with the family of multicopper 
oxidases, and included four copper-binding regions that are highly conserved among various 
multicopper oxidases. However, phylogenetic analysis demonstrated that IoxA is distantly 
related to previously known bacterial multicopper oxidases such as CotA, CueO, CumA, and 
CopA (Fig. 8). It formed a clade with putative multicopper oxidases and bilirubin oxidases 
found in the genome-sequencing projects of various bacteria. Analysis of the flanking region 
of ioxA revealed that six possible ORFs (ioxA, B, C, D, E, and F) were present with the same 
orientation and with a relatively close  
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sequential arrangement (Fig. 9). Although possible function of IoxC was still unclear, the 
proteins encoded by ioxB, ioxD, and ioxF all showed homologies with SCO1/SenC family 
proteins, which are known to bind copper and be involved in the assembly of the cytochrome 
c oxidase complex in yeast (Schulze and Roedel, 1989). These results suggest that IOX is a 
multicopper oxidase, and that it might occur as a multimeric complex in which at least two 
proteins (IoxA and IoxC) are associated. 
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Fig.	8.	Phylogene c	analysis	of	translated	amino	acid	sequences	of	the	ioxA	gene	by	using	the	
neighbor-joining	method	(Suzuki	et	al.,	2012).	Scale	bar	represents	the	number	of	amino	acid	
changes	per	site.	
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IOX of Roseovarius sp. A-2 
Recently, Shiroyama et al. (Shiroyama et al., 2015) characterized IOX of Roseovarius 
sp. strain A-2. The enzyme was an extracellular protein, and Cu2+ ion significantly enhanced 
the enzyme activity in the culture supernatant. When iodide was used as the substrate, the 
crude enzyme showed Km and Vmax values of 4.78 mM and 25.1 U mg
-1, respectively. The 
enzyme was inhibited by NaN3, KCN, EDTA, and o-phenanthroline, and also had significant 
activities toward p-phenylenediamine and hydroquinone. Tandem mass spectrometric 
analysis of an active band excised from SDS-PAGE gel revealed that at least two proteins are 
involved in the enzyme. One of these proteins was closely related with IoxA, a multicopper 
oxidase found as a component of iodide-oxidizing enzyme of Iodidimonas sp. Q-1 (Suzuki et 
al., 2012). Furthermore, a terrestrial bacterium Rhodanobacter denitrificans 116-2, which 
possesses an ioxA-like gene in its genome, was found to oxidize iodide. These results suggest 
that IoxA catalyzes the oxidation of iodide in phylogenetically distinct bacteria.  
 
What is multicopper oxidase 
The key reaction in biological system is a biological activation of molecular oxygen. 
Enzymes involved in direct oxygen activation are oxygenases and oxidases. Oxygenases 
transfer the oxygen atom(s) to a substrate, while the oxidases use the oxygen as final electron 
acceptor by reducing it to water. One of important class of oxidases is multicopper oxidases, 
ioxD ioxE ioxF
1,000	bp	
MPVAQSVXQ KDVVELGPGDEV LAAIGMIGDL
ioxA ioxB ioxC
A	B	 C	 D	
Fig.	9.	Schema c	representa on	of	iox	genes	found	in	the	dra 	genome	of	Iodidimonas	sp.	Q-1	(Suzuki	et	
al.,	2012).	The	loca ons	of	puta ve	copper-binding	regions	are	indicated	by	blue	bars	and	labeled	A	to	D.	
The	loca ons	of	the	three	pep des	detected	by	internal	amino	acid	sequence	analysis	are	indicated	by	red	
bars	with	arrows	and	corresponding	sequences.	The	loca ons	of	pep des	detected	by	LC-MS/MS	analysis	of	
IOE-II	are	shown	with	green	dots	below	the	iox	genes.	
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which couple four one-electron oxidation reactions to the four-electron reduction of oxygen 
to water (Nakamura and Go, 2005; Sakurai and Kataoka, 2007). Multicopper oxidases are 
characterized by having four copper ions that are classified into distinct copper centers (type 
1, type 2 and type 3). Multicopper oxidases have been found in fungi, plants, and animals, 
and include laccases, ferroxidases, ascorbate oxidases, and ceruloplasmin (Hoegger et al., 
2006). There is increasing evidence for the existence of multicopper oxidases in various 
Gram-positive and Gram-negative bacteria (Fig. 10). Their possible functions include 
pigment formation, utilization of plant phenolic compounds, electron transport, sporulation, 
copper resistance, and oxidation of metals such as manganese, copper, and iron. To the best 
of my knowledge, however, no studies have been conducted on bacterial multicopper 
oxidases capable of iodide oxidation. 
 
5. Aims and outline of the dissertation 
 IOX of Iodidimonas sp. strain Q-1 is the most efficient iodide-oxidizing enzyme 
among the multicopper oxidases reported thus far, since its catalytic efficiency (kcat/Km) for 
iodide was 3 to 5 orders higher than those of other enzymes (Suzuki et al., 2012). To date, 
several multicopper oxidases including laccases are applied to food, textile and other 
industries, and more candidates are being actively developed for future commercialization. A 
vast amount of industrial applications for multicopper oxidases have been proposed, and they 
include pulp and paper, textiles, organic synthesis, environmental, food, pharmaceuticals and 
nanobiotechnology. Considering their specificity, energy-saving, and biodegradable futures, 
multicopper oxidase-based biocatalysts fit well with the development of highly efficient, 
sustainable and ecofriendly industries. This dissertation is based on two individual studies 
that examined the following topics. 
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Fig.	10.	Neighbour	joining	tree	of	mul copper	oxidase	amino	acid	sequences	(from	Hoegger	et	al.).	
Sequences	without	accession	number	were	derived	from	the	genome	sequences	(see	Experimental	
procedures).	Bootstrap	values	are	from	500	replica ons,	only	values	>	50%	are	shown	(1)	including	
enzymes	involved	in	melanin	synthesis	by	the	1,8-dihydroxynaphtalene	(DHN)	pathway,	and	(2)	
including	two	sequences	from	ascomycetes.	
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 Topic 1 presents the determinations of the antimicrobial activity of the IOX/iodide 
system to understand whether this system could be useful as a novel enzyme-based 
antimicrobial agent. In addition to various microorganisms, the sporicidal activity of the IOX 
system against two types of Bacillus spores and Geobacillus stearothermophilus spores was 
compared with PVP-I. Furthermore, the free iodine levels in the PVP-I and IOX systems were 
determined and compared using an equilibrium dialysis technique to evaluate the more 
superior sporicidal activity of the IOX system over PVP-I. 
 Topic 2 aims to determine draft genome sequence of Roseovarius sp. strain A-2 to 
provide detailed insights into the metabolism and potential application of this strain in the 
future. Whole-genome sequencing was performed using Illumina MiSeq, and genome 
annotation was performed using Prokka v1.11. To predict possible metabolism of this strain, 
presence or absence of genes coding for iodide oxidase (IOX), central carbon metabolism 
(glycolysis, citrate cycle, pentose phosphate pathway, pyruvate metabolism, glyoxylate 
metabolism etc.), nitrogen metabolism, photosynthetic gene cluster, CO2 fixation pathway, 
cytochrome c, cell motility, ABC transporters, and various secretion system were explored. 
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Chapter II: A Novel Enzyme-based Antimicrobial System Comprising 
Iodide and a Multicopper Oxidase Isolated from Iodidimonas sp. Strain Q-
1 
 
ABSTRACT  
Iodidimonas sp. strain Q-1 produces an extracellular multicopper oxidase (IOX), which 
catalyzes iodide (I-) oxidation to form molecular iodine (I2). In this study, the 
antimicrobial activity of the IOX/iodide system was determined. Both Gram-positive and 
Gram-negative bacteria tested were killed completely within 5 min by 50 mU mL-1 of 
IOX and 10 mM iodide. The sporicidal activity of the system was also tested and 
compared with a common iodophor, povidone iodine (PVP-I). IOX (300 mU mL-1) killed 
Bacillus cereus, B. subtilis, and Geobacillus stearothermophilus spores with decimal 
reduction times of 2.58, 7.62, and 40.9 min, respectively. However, 0.1% PVP-I killed 
these spores with much longer decimal reduction times of 5.46, 38.0, and 260 min, 
respectively. To evaluate the more superior sporicidal activity of the IOX system over 
PVP-I, the amount of free iodine (non-complexed I2) was determined by an equilibrium 
dialysis technique. The IOX system included more than 40 mg L-1 of free iodine, while 
PVP-I included at most 25 mg L-1 free iodine. These results suggest that the new enzyme-
based antimicrobial system is effective against a wide variety of microorganisms and 
bacterial spores, and that its strong biocidal activity is due to its high free iodine content, 
which is probably maintained by re-oxidation of iodide released after oxidation of cell 
components by I2. 
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1. Introduction  
Iodine has a broad antimicrobial spectrum against a wide variety of microorganisms 
including bacteria, fungi, yeasts, viruses and protozoa, and it has been used in the treatment of 
wounds as an iodine tincture for more than 170 years (Gottardi 1983; Cooper 2007). In aqueous 
solution, iodine has more than 10 chemical species including iodide ion (I-), molecular iodine 
(I2), triiodide ion (I3
-), hypoiodous acid (HOI), hypoiodite (OI-), and iodate (IO3
-) (Gottardi 
1983). Among these, I2 is considered primarily responsible for the antimicrobial efficacy 
(Gottardi 1983; Cooper 2007). Although the exact mode of action of iodine is still unclear, it 
may rapidly penetrate the cell wall of microorganisms and oxidize the sulfhydryl groups of 
various proteins to form disulfide bridges (Gottardi 1983). Iodination of tyrosine’s phenolic 
and histidine’s imidazolic groups may also occur. If iodination of cytosine and uracil occurs, it 
causes denaturation of DNA. Oxidation of unsaturated fatty acids is also postulated (Gottardi 
1983). 
Japan is the world’s second largest iodine producer, accounting for 30% of global 
iodine production. Iodine is produced from ancient underground seawater called “brine water”, 
which sometimes contains 2,000 times higher concentration of iodine than natural seawater 
(Muramatsu et al. 2001). Iodine and its derivatives have a number of applications together with 
industrial and household disinfectants, including X-ray contrast media, catalysts, feed additives, 
pharmaceutical preparations, and stabilizers (Sakuma 2005). Previously, Amachi et al (2005) 
isolated heterotrophic iodide-oxidizing bacteria from brine waters in Japan. Phylogenetic 
analysis based on 16S rRNA gene sequences revealed that they are divided into two groups 
within the -subclass of the Proteobacteria. Iodide-oxidizing bacteria oxidized iodide to form 
I2, and the enzyme catalyzing the reaction was found to be an extracellular oxidase-like protein. 
Strain Q-1, which showed the highest enzyme activity among the other strains, was chosen, 
and iodide-oxidizing enzyme (IOX) was purified from the culture supernatant (Suzuki et al. 
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2012). IOX was inhibited by KCN, NaN3, EDTA, and a copper chelator o-phenanthroline and 
showed significant activities toward phenolic compounds such as 2,2′-azino-bis (3-
ethylbenzothiazoline-6-sulfonate) (ABTS), syringaldazine, 2,6-dimethoxy phenol, and p-
phenylenediamine. A comparison of several internal amino acid sequences obtained from 
trypsin-digested IOX with a draft genome sequence of strain Q-1 revealed that the products of 
two open reading frames (IoxA and IoxC) are involved in iodide oxidation. Furthermore, 
subsequent tandem mass spectrometric analysis detected peptides from IoxA and IoxC with 
high sequence coverage. IoxA showed significant homology with the family of multicopper 
oxidases but was distantly related to previously known bacterial multicopper oxidases such as 
CotA, CueO, CumA, and CopA (Suzuki et al. 2012). 
Povidone-iodine (PVP-I), one of the iodophors, is a stable complex of 
polyvinylpyrrolidone and elemental iodine and is widely used as a broad-spectrum antiseptic 
(Gottardi 1983; Cooper 2007). PVP-I contains two types of I2: complexed and non-complexed 
I2; the latter is considered responsible for the antimicrobial activity of PVP-I and is designated 
“free iodine”. However, PVP-I is not eco-friendly since it contains surfactant and 
polyvinylpyrrolidone, and consequently, is difficult to use as an environmental disinfectant in 
food industries. In addition, PVP-I is less effective against bacterial spores, especially Bacillus 
spores, which sometimes cause flat-sour spoilage and food poisoning. Therefore, the demand 
for natural antimicrobial systems with high sporicidal activities is increasing (Fuglsang et al. 
1995). Hickey et al. (Hickey et al. 1997) generated I2 by combining horseradish peroxidase 
with hydrogen peroxide and iodide, and they found that this enzyme-based antimicrobial 
system is effective in killing Bacillus subtilis spores. A haloperoxidase isolated from the 
filamentous fungus Curvularia verruculosa also killed various bacteria, yeasts, and 
filamentous fungi in the presence of hydrogen peroxide and halides (Hansen et al. 2003). 
However, such peroxidase-based antimicrobial systems require hydrogen peroxide, which is 
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toxic and corrosive. Alternatively, multicopper oxidases do not need hydrogen peroxide but 
molecular oxygen as the electron acceptor. Thus, the multicopper oxidase-based antimicrobial 
system would be much more advantageous over the peroxidase-based system in terms of safety, 
simplicity, and environmental friendliness.  
In a previous study, Suzuki et al. found that the IOX of strain Q-1 is the most efficient 
iodide-oxidizing enzyme among the multicopper oxidases reported thus far, since its catalytic 
efficiency (kcat/Km) for iodide was 3 to 5 orders higher than those of other enzymes (Suzuki et 
al. 2012). In this study, a novel enzyme-based antimicrobial system consisting of IOX and 
iodide (IOX system) was prepared, and its antimicrobial spectrum against various 
microorganisms was determined. In addition, the sporicidal activity of the IOX system against 
two types of Bacillus spores and Geobacillus stearothermophilus spores was compared with 
PVP-I. Furthermore, the free iodine levels in the PVP-I and IOX systems were determined and 
compared using an equilibrium dialysis technique to evaluate the more superior sporicidal 
activity of the IOX system over PVP-I.  
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2. Materials and Methods   
 
Microorganisms and culture conditions 
Iodidimonas sp. strain Q-1 (JCM17846, Amachi et al. 2005; Suzuki et al. 2012; Ehara 
et al. 2014; Iino et al., 2017), previously isolated from iodide-rich natural gas brine in Miyazaki 
prefecture, Japan was grown in Marine Broth 2216 (Becton Dickinson, Sparks, MD, USA) 
supplemented with 40 µM CuCl2·2H2O. Bacillus cereus JCM 2152
T, Bacillus subtilis NBRC 
13719T, and Escherichia coli NBRC 102203T were grown in Luria-Bertani (LB) Broth. 
Salmonella enterica JMC 1651T, Serratia marcescens JMC 1239T, Staphylococcus aureus 
JMC 20624T, and Yersinia enterocolitica JCM 7577T were grown in Nutrient Broth with 0.5% 
NaCl (pH 7.0). Aeromonas hydrophila JCM2360 was grown in Nutrient Broth with 1.0% NaCl 
(pH 7.0). Bacillus atrophaeus JCM 9070T and Enterobacter cloacae NBRC 13535T were 
grown in Nutrient Broth No. 2. Saccharomyces cerevisiae JCM 7255T was grown in YM Broth. 
Aspergillus niger NBRC 33023T was grown in Potato Dextrose Broth (pH 5.6). All 
microorganisms were cultured at 30ºC aerobically with shaking at 180 rpm. 
 
Preparation of IOX 
Strain Q-1 was grown in Marine Broth 2216 supplemented with 40 µM Cu2+ for 48 h. 
Culture broth was centrifuged at 6,000  g for 10 min at 4 °C, and the supernatant was directly 
used as a crude IOX solution. In previous study showed that almost all protein included in the 
supernatant was IOX (Suzuki et al. 2012). The crude IOX solution was stored at –30 °C until 
used. The iodide-oxidizing enzyme activity in the crude IOX solution was routinely assayed. 
The reaction mixture contained crude IOX solution, 10 mM KI, and 50 mM potassium 
phosphate buffer (pH 6.5). The reaction was started by addition of the enzyme solution at 30 °C. 
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After 20 min of incubation, the formation of I2 was measured spectrophotometrically by the 
absorbance increase at 353 nm using Ɛ = 25.5 mM-1 cm-1 for triiodide ion (I3-). One unit of 
enzyme activity was defined as the amount of crude enzyme catalyzing the oxidation of 1 µmol 
of iodide per min at 30 °C. 
 
Growth inhibition of Escherichia coli culture by the IOX system 
E. coli cells were inoculated into LB liquid medium supplemented with 10 mM KI. 
IOX was also added to the medium at final concentrations of 0 to 20 mU mL-1. The optical 
density at 660 nm was monitored as an indicator of E. coli growth. In some cases, IOX was 
inactivated by heating it at 121 °C for 15 min before use. 
 
Antimicrobial spectrum of the IOX system 
Microorganisms were grown in respective liquid media as described above. After 24 h, 
cells were harvested by centrifugation (6,000  g for 10 min at 4 °C), washed with 50 mM 
potassium phosphate buffer (pH 6.5), and re-suspended in the same buffer. The washed cells 
were added to 50 mM potassium phosphate buffer (pH 6.5) supplemented with 10 mM KI to a 
final cell density of approximately 108 colony forming unit (CFU) mL-1. The antimicrobial test 
was started by the addition of IOX at a final concentration of 50 mU mL-1. Negative controls 
without IOX were also prepared. The cell suspension was incubated at 30 °C for 10 min without 
shaking. After 5 and 10 min, 1 mL of the cell suspension was removed and mixed immediately 
with 30 µL of 10% sodium thiosulfate to reduce I2. The suspension was serially diluted with 
sterile 0.8% NaCl and spread on the appropriate agar media to determine the number of viable 
cells. The detection limit of this method was 3 CFU mL-1. 
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Sporicidal activity of the IOX system 
To prepare the spore suspension, Bacillus cereus and Bacillus subtilis were grown over 
4 weeks on LB agar. Vegetative cells and spores grown on the medium were collected with a 
platinum loop and re-suspended in sterile 0.8% NaCl. After the suspension was incubated at 
65 °C for 30 min, the cells and spores were collected by centrifugation (6,000  g for 10 min 
at 4 °C), washed and re-suspended in sterile 0.8% NaCl. This heat treatment was repeated three 
times to destroy vegetative cells. The morphology of the spore suspension was checked under 
a microscope after Gram staining. A freeze-dried ampoule of Geobacillus stearothermophilus 
was purchased from Merck Millipore (Darmstadt, Germany). The sporicidal test was 
performed similarly to the antimicrobial test, but the final concentrations of IOX and spores 
were 100 to 300 mU mL-1 and 107 to 108 CFU mL-1, respectively. At various time intervals, 
the number of viable spores was determined on LB agar medium. Geobacillus spores were 
grown at 55˚C. 
To compare the sporicidal activity of the IOX system with that of iodophors, the same 
experiment was performed with PVP-I. In this case, PVP-I (LKT Laboratories, St. Paul, MN, 
USA) was added to the sporicidal test mixture to final concentrations of 0.01%, 0.1%, and 1%. 
 
Effect of various factors on sporicidal activity of the IOX system 
All experiments were conducted similarly to the sporicidal test. When the effect of IOX 
concentration was determined, the concentration of KI in the system was kept at 10 mM. When 
the effect of KI concentration was determined, the concentration of IOX in the system was kept 
at 300 mU mL-1. In these two experiments, the spores of B. cereus, B. subtilis, and G. 
stearothermophilus were incubated with the IOX system for 20, 45, and 120 min, respectively. 
When the effect of pH was determined, the IOX system was prepared normally (10 mM KI and 
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300 mU mL-1 IOX) for 1 h at neutral pH, after which the pH of the system was adjusted to 
between pH 3 and 9 with HCl or NaOH. The effect of various organic compounds, including 
sugars, proteins, lipids, and polysaccharides, was also determined by using glucose, bovine 
serum albumin (Jackson Immuno Research Laboratories, West Grove, PA, USA), Tween 80, 
and alginic acid sodium salt (Sigma-Aldrich, St. Louis, MO, USA) as representative 
compounds, respectively. These compounds were added to final concentrations of 0.01%, 0.1%, 
and 1%. The effects of pH and various organic compounds were determined by using only B. 
subtilis spores, and the IOX system was incubated with the spores for 1 h. 
 
Determination of free iodine 
Free iodine levels in the IOX system and PVP-I were determined by an equilibrium 
dialysis technique as previously described by Takikawa et al (1978). This method is based on 
the fact that I2 can permeate through a silicone membrane, while I
- and I3
- cannot due to their 
ionic forms (Fig. 11). The PERMCELL system (Vidrex, Fukuoka, Japan) was used for the 
equilibrium dialysis experiments. The system consisted of a donor cell and an acceptor cell, 
with a silicone membrane (0.1 mm thick) between them (Fig. 11). To set up the experiment, 
50 mL of test solution containing free iodine was placed in the donor cell, while 50 mL of 
distilled water was placed in the acceptor cell. Both cells were agitated with magnetic stirring 
bars and kept at room temperature for 16 h. After reaching equilibrium, 1 mL of solution was 
removed from the acceptor cell, diluted appropriately with distilled water, and mixed with 1 M 
KI (100 µL) and 1% soluble starch (100 µL). Free iodine in the acceptor cell was quantified 
spectrophotometrically at 525 nm. For the preparation of a standard curve, 20 mg elemental 
iodine (Wako Pure Chemical Industries, Osaka, Japan) was dissolved in 1 L of distilled water 
by heating the mixture at 60 °C for 24 h with continuous stirring. From this stock I2 solution 
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(20 mg L-1), I2 solutions were prepared at concentrations of 1 to 10 mg L
-1. After mixing the 
solution with KI and soluble starch, their absorbance at 525 nm was measured. 
For determination of free iodine in the IOX system, 300 mU mL-1 of IOX was 
incubated with 10 mM KI in 50 mM potassium phosphate buffer (pH 6.5) at 30 °C. At various 
time intervals, the enzyme reaction was stopped by the addition of 2 mM KCN, and 50 mL of 
the reaction mixture was placed in the donor cell. For determination of free iodine in PVP-I, 
0.01% to 1% PVP-I solutions were directly placed in the donor cell. 
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3. Results  
  
Inhibition of E. coli growth by the IOX system 
E. coli was cultured in LB liquid medium containing 10 mM KI and 0 to 25 mU mL-1 
of IOX (Fig. 12). Although 5 to 10 mU mL-1 of IOX did not have any inhibitory effect, 15 mU 
mL-1 of IOX significantly inhibited the growth of E. coli. More than 20 mU mL-1 of IOX 
inhibited growth completely. When IOX was inactivated by heat treatment at 121 °C for 15 
min before the experiment, 20 mU mL-1 of IOX did not inhibit the growth of E. coli, indicating 
that the growth inhibition was caused by the active enzyme. 
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Antimicrobial spectrum of the IOX system 
Washed suspensions of various Gram-negative and Gram-positive bacteria, one yeast 
strain (S. cerevisiae), and one fungal strain (A. niger) were incubated with 10 mM KI and 50 
mU mL-1 of IOX, and their viability was determined (Table 1). The number of viable cells of 
almost all microorganisms, except for A. niger, decreased to below the detection limit of 3 CFU 
mL-1 within 5 min, while no reduction in the viability was observed in the absence of IOX. In 
the case of A. niger, complete elimination was achieved within 10 min. 
Table 1. Antimicrobial spectrum of the IOX system 
Microorganisms IOX conc. Log CFU mL-1 ± SD (n = 3) at 
(mU mL-1) 0 min 5 min 
Aeromonas hydrophila 0 8.0 ± 0.0 7.9 ± 0.0 
 50 7.8 ± 0.1 < 0.52 
Bacillus atrophaeus 0 7.4 ± 0.1 7.4 ± 0.0 
 50 7.3 ± 0.1 < 0.52 
Enterobacter cloacae 0 8.5 ± 0.1 8.0 ± 0.0 
 50 8.4 ± 0.1 < 0.52 
Salmonella enterica 0 7.9 ± 0.0 7.8 ± 0.0 
 50 7.9 ± 0.0 < 0.52 
Serratia marcescens 0 8.5 ± 0.0 8.4 ± 0.0 
 50 8.5 ± 0.0 < 0.52 
Staphylococcus aureus 0 7.8 ± 0.0 7.5 ± 0.1 
 50 7.7 ± 0.1 < 0.52 
Yersinia enterocolitica 0 8.2 ± 0.1 8.2 ± 0.0 
 50 8.3 ± 0.0 < 0.52 
Saccharomyces cerevisiae 0 7.9 ± 0.0 7.9 ± 0.0 
 50 8.0 ± 0.0 < 0.52 
Aspergillus niger 0 6.3 ± 0.1 6.3 ± 0.11 
 50 6.3 ± 0.0 < 0.521 
1Viability of A. niger was determined after 10 min. 
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Sporicidal activity of the IOX system 
The sporicidal activity of the IOX system was determined against B. cereus, B. subtilis 
and G. stearothermophilus spores, and compared with that of a common iodophor, PVP-I (Fig. 
13). As shown in Fig. 13A, 100 and 300 mU mL-1 of IOX decreased the number of viable B. 
cereus spores below the detection limit within 40 and 20 min, respectively. In contrast, 0.01% 
and 1% PVP-I could not kill the spores completely within 40 min, while 0.1% PVP-I showed 
similar sporicidal efficacy to 100 mU mL-1 IOX. In the case of B. subtilis spores (Fig. 13B), 
100 and 300 mU mL-1 of IOX killed the spores completely within 120 and 60 min, respectively. 
However, PVP-I could not kill the spores of B. subtilis completely within 120 min. As has been 
observed in B. cereus spores, 0.1% PVP-I showed slightly better sporicidal efficacy than did 
0.01% and 1% PVP-I. In the case of G. stearothermophilus spores, even 300 mU mL-1 IOX 
could not kill the spores completely within 120 min. The percentage of spores killed by 100 
and 300 mU mL-1 of IOX at 120 min was 98.95% and 99.88%, respectively. In contrast, the 
percentage killed by 0.01%, 0.1%, and 1% PVP-I was 37%, 65%, and 54%, respectively. 
To compare the sporicidal activities of IOX and PVP-I more quantitatively, the decimal 
reduction time (D-value) was calculated. In the case of 300 mU mL-1 of IOX, D-values against 
B. cereus, B. subtilis, and G. stearothermophilus spores were 2.58, 7.62, and 40.9 min, 
respectively. On the other hand, D-values of 0.1% PVP-I against these spores were 5.46, 38.0, 
and 260 min, respectively. From these results, it was found that the sporicidal activity of 300 
mU mL-1 of IOX is 2.1–6.6 times higher than that of 0.1% PVP-I. 
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Effect of various factors on sporicidal activity of the IOX system 
The concentration of IOX strongly influenced the sporicidal activity of the IOX system (Fig. 
14A). The spores of B. cereus and B. subtilis were killed completely at IOX concentration of 
200 and 300 mU mL-1, respectively. On the other hand, as has been observed in the sporicidal 
test, 300 mU mL-1 of IOX could not kill G. stearothermophilus spores completely. The effect 
of the KI concentration on the sporicidal activity of the IOX system was determined (Fig. 14B). 
The maximum reduction in viable spores was observed at a KI concentration of 10 mM. At 
100 mM KI, however, the sporicidal activity was lower than that at 1 mM. The effect of pH on 
the sporicidal activity against B. subtilis spores was also observed (Fig. 14C). In this 
experiment, the IOX system was prepared normally at neutral pH, after which the pH of the 
system was adjusted to between pH 3 and 9. The maximum reduction in viable spores was 
observed between pH 3 and 6, but the sporicidal activity decreased gradually under neutral and 
slightly alkaline conditions. The effect of various organic compounds, including glucose, 
bovine serum albumin, Tween 80, and alginic acid, on the IOX system was determined against 
B. subtilis spores (Table 2). Glucose did not affect the sporicidal activity of the IOX system, 
even at a concentration of 1%. Bovine serum albumin and Tween 80 significantly interfered 
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with the IOX system at more than 0.01% and 1%, respectively. Although 0.01% to 0.1% alginic 
acid did not show any strong inhibitory effect, 1% alginic acid inhibited the sporicidal activity 
of the IOX system completely. 
 
 
 
Determination of free iodine 
Free iodine levels in 0.01%, 0.1%, and 1% PVP-I were determined by the equilibrium dialysis 
technique, and were found to be 2.38, 25.5, and 6.42 mg L-1, respectively. On the other hand, 
free iodine levels in the IOX system after reaction times of 20, 40, and 60 min were 33.2, 35.8, 
and 41.2 mg L-1, respectively. When the reaction time was extended to 6 h and more than 12 
h, free iodine levels increased to 82.7 and more than 300 mg L-1, respectively. The effect of 
the KI concentration on free iodine levels in the IOX system was examined (Fig. 15A). Free 
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iodine levels were maximal (41.2 mg L-1) at a KI concentration of 10 mM, while only much 
lower free iodine (7.42 mg L-1) was observed at 100 mM KI. The effect of pH on free iodine 
levels in the IOX system was also observed (Fig. 15C). Free iodine levels remained relatively 
constant, between 38 to 42 mg L-1, under acidic to slightly acidic conditions. However, free 
iodine levels decreased linearly under neutral and slightly alkaline conditions. 
 
Table 2. Effect of various organic compounds on sporicidal activity of the IOX system against B. 
subtilis spores 
Compounds 
Conc. 
(%) 
Log CFU mL
-1
 ± SD (n = 3) 
after 1 h* 
Percentage 
killing (%) 
Glucose 
0 < 0.52 100 
0.01 < 0.52 100 
0.1 < 0.52 100 
1 < 0.52 100 
Bovine 
serum 
albumin  
0 < 0.52 100 
0.01 1.20 ± 0.97 100 
0.1 4.54 ± 0.23 99.9 
1 6.22 ± 0.02 96.4 
Tween 80 
0 < 0.52 100 
0.01 < 0.52 100 
0.1 < 0.52 100 
1 6.32 ± 0.06 87.4 
Alginic acid 
0 < 0.52 100 
0.01 0.48 ± 0.00 100 
0.1 3.48 ± 0.39 100 
1 7.09 ± 0.04 000 
*Initial number of B. subtilis spores in all experiments was approximately 1–5  107 CFU mL-1. 
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4. Discussion  
The IOX system completely eliminated 8 log CFU mL-1 of almost all microorganisms 
tested within 5 min (Table 1). In the case of A. niger, complete elimination of 6 log CFU mL-1 
was achieved within 10 min. Haloperoxidase isolated from C. verruculosa was found to 
eliminate various microorganisms in the presence of hydrogen peroxide and bromide or iodide 
(Hansen et al. 2003). However, its antimicrobial efficacy was not sufficient to kill certain 
microorganisms, especially Aspergillus spp., despite the initial number of conidial cells being 
relatively low (105 CFU mL-1). In addition, haloperoxidases and peroxidases (Hickey et al. 
1997) require toxic and corrosive hydrogen peroxide, while IOX does not need hydrogen 
peroxide but rather molecular oxygen as the electron acceptor (Suzuki et al. 2013). Thus, the 
IOX system is much safer, simpler, and more ecofriendly than peroxidase-based antimicrobial 
systems, and it is expected to be suitable for application as a surface disinfectant formulation 
in food industries and medical sites. 
Generally, free iodine content and antimicrobial activity of PVP-I are maximal when 
10% PVP-I is diluted 50- to 100-fold (0.1–0.2% PVP-I) (Atemnkeng et al. 2006; Gottardi 
1983). These results are in good agreement with this interesting feature of PVP-I, since 0.1% 
PVP-I contained the highest free iodine of 25.5 mg L-1 and exhibited the strongest sporicidal 
activity among the PVP-I solutions (Fig. 13). However, the IOX system including 300 mU mL-
1 of IOX showed superior sporicidal activity, with D-values 2.1–6.6 times shorter than those of 
0.1% PVP-I (Fig. 13). This difference was likely due to the significantly higher levels of free 
iodine in the IOX system (41.2 mg L-1 after the reaction for 60 min) than 0.1% PVP-I. 
Previously, similar results were obtained in another enzyme-based disinfectant system 
comprised of horseradish peroxidase, hydrogen peroxide, and iodide (Hickey et al. 1997). The 
enzyme system containing 175 mg L-1 of free iodine eliminated 2  105 CFU mL-1 of B. subtilis 
spores completely within 4 h, whereas 10% PVP-I containing only 5.6 mg L-1 of free iodine 
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could not. In the horseradish peroxidase-based system, 20 to 175 mg L-1 of free iodine was 
generated by varying iodide concentrations (Hickey et al. 1997). The IOX system is also able 
to generate any required content of free iodine up to 338 mg L-1, the maximal solubility of 
iodine at 25 °C (Gottardi 1983), by extending the reaction time. 
Both the sporicidal activity and free iodine levels of the IOX system were maximal at 
a KI concentration of 10 mM (Figs. 14B and 15A). In addition, as shown in Fig. 4B, free iodine 
levels and the viable number of B. subtilis spores showed a significant negative correlation (R2 
= 0.926). These results indicate that free iodine is responsible for the antimicrobial activity of 
the IOX system. In the presence of 100 mM KI, on the other hand, both the sporicidal activity 
and free iodine levels were lower than at 10 mM. This difference was probably due to the 
formation of I3
-, one of iodine species without antimicrobial activity, in the presence of excess 
iodide. 
I- + I2  <=>  I3
- 
  In previous study indicated that the optimal pH range for IOX was 5 to 7 and that it is 
relatively stable between pH 4 and 10 (Suzuki et al. 2013). In this study, it was found that free 
iodine content in the IOX system decreased linearly when the pH of the system was shifted to 
alkaline conditions, after the system was prepared at neutral pH (Fig. 15C). In aqueous iodine 
solutions, only five iodine species are of importance, i.e. I-, I2, I3
-, HOI, and IO3
- (Gottardi 
1983). Among these, only I-, I2, and I3
- play a role in the presence of iodide at pH 6 or less 
(Gottardi 1983). However, under alkaline conditions, hydrolysis of I2, dissociation of HIO, and 
disproportionation of HIO may also occur to form HIO, OI-, and IO3
-, respectively. 
I2 + H2O <=> HOI + I
- + H+ 
HOI <=> OI- + H+ 
3HOI <=> IO3
- + 2I- + 3H+ 
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The decrease in free iodine levels under alkaline conditions suggests the formation of these 
other iodine species in the IOX system. However, it is still unclear and controversial whether 
these iodine species possess antimicrobial activity (Gottardi 1983). It should be noted that the 
significant negative correlation (R2 = 0.978) between free iodine levels and the viable number 
of B. subtilis spores was also observed in this experiment (Fig. 15D), again indicating that free 
iodine is indispensable for the antimicrobial activity of the IOX system. 
As expected, the addition of protein (bovine serum albumin) significantly interfered 
with the sporicidal activity of the IOX system (Table 2). It is likely that I2 oxidizes the 
sulfhydryl group of cysteines to form disulfide bridges. Iodination of tyrosine’s phenolic and 
histidine’s imidazolic groups is also possible. Considering that I2 non-specifically oxidizes and 
iodinates amino acid residues of proteins, the IOX system may not be suitable for use in 
protein-rich environments. Similarly, Tween 80 inhibited the IOX system at a high 
concentration (1%). This inhibition was probably because oleic acid, an unsaturated fatty acid 
included in Tween 80, was iodinated, which leads to scavenging of I2 in the IOX system. 
Hansen et al. reported that the antimicrobial system based on C. verruculosa haloperoxidase 
was not inhibited by Tween 20 (Hansen et al. 2003), which includes a saturated fatty acid, 
lauric acid. Strong inhibition of the system by alginic acid, a model compound of 
exopolysaccharides produced by microbial biofilms, was also observed (Hansen et al. 2003). 
In conclusion, this study demonstrated that the IOX system, comprising a bacterial 
multicopper oxidase and iodide, was effective at killing various microorganisms including 
bacterial spores. Interestingly, the free iodine levels were much higher in the IOX system than 
in a common antiseptic PVP-I, and the IOX system showed much superior sporicidal activity 
than did PVP-I. In the IOX system, relatively high free iodine levels are probably maintained 
by the continuous regeneration of I2 from I
-, which is released after oxidation of cell 
components such as proteins by I2. It is important to understand why IOX is resistant to I2 and 
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is able to produce I2 continuously. In addition, heterologous expression of IOX is underway 
examine to evolve more effective antimicrobial systems. 
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Chapter III: Draft Genome Sequence of Roseovarius sp. A-2, an Iodide-
oxidizing Bacterium Isolated from Natural Gas Brine Water, Chiba, Japan. 
 
ABSTRACT 
Roseovarius sp. A-2 is a heterotrophic iodide (I-)-oxidizing bacterium isolated from 
iodide-rich natural gas brine water in Chiba, Japan. This strain oxidizes iodide to 
molecular iodine (I2) by means of an extracellular multicopper oxidase. Here this report 
the draft genome sequence of strain A-2. The draft genome contained 46 tRNA genes, 1 
copy of a 16S-23S-5S rRNA operon, and 4,514 protein coding DNA sequences, of which 
1,207 (27%) were hypothetical proteins. The genome contained a gene encoding IoxA, a 
multicopper oxidase previously found to catalyze the oxidation of iodide in Iodidimonas 
sp. Q-1. The draft genome suggests that strain A-2 is an aerobic heterotrophic bacterium. 
It lacks photosynthetic gene cluster for photoheterotrophic growth, but possesses genes 
utilizing reduced gases (hydrogen and carbon monoxide) as well as reduced sulfur species 
as supplemental energy sources. Two assimilation pathways for 
dimethylsufoniopropionate (DMSP) were also detected. It also lacks a key gene (pfk) for 
glycolysis, and appears to utilize preferentially various organic acids, amino acids, 
peptides, and glycerol-3-phosphate over carbohydrates (sugars) as carbon sources. From 
these results, strain A-2 is considered to play roles not only in the biogeochemical cycling 
of iodine, but also in those of carbon and sulfur in marine environments. This draft 
genome provides detailed insights into the metabolism and potential application of 
Roseovarius sp. A-2. 
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1. Introduction 
Roseovarius sp. A-2 is a heterotrophic iodide (I-)-oxidizing bacterium, and was isolated 
from natural gas brine water in Chiba, Japan, which contained very high concentration (0.7 
mM) of iodide (Amachi et al. 2005). Based on 16S rRNA gene sequence analysis, iodide-
oxidizing bacteria are divided into two distinct groups within the class Alphaproteobacteria. 
One of the groups is most closely related to Roseovarius tolerans and Roseovarius mucosus 
with sequence similarities of 94 to 98%. The other group is closely related to the genera 
Rhodothalassium and Kordiimonas, and the newly proposed Iodidimonas gen. nov. (Iino et al., 
2017). Shiroyama et al. (Shiroyama et al., 2015) recently characterized an iodide-oxidizing 
enzyme of Roseovarius sp. A-2. It was an extracellular protein, and had significant oxidizing 
activities not only for iodide but also for p-phenylenediamine and hydroquinone. Tandem mass 
spectrometric analysis of this enzyme revealed that it is homologous to IoxA, a multicopper 
oxidase previously found as a component of iodide-oxidizing enzyme of Iodidimonas sp. Q-1 
(Suzuki et al., 2012). IoxA is a novel type of bacterial multicopper oxidase, and expected to be 
used as an enzyme-based antimicrobial system due to its strong molecular iodine (I2)-producing 
activity (Yuliana et al., 2015). In this study, a draft genome sequence of Roseovarius sp. A-2 
was determined to better understand the metabolism of this strain and to provide insights into 
future practical applications of iodide-oxidizing bacteria. 
 
2. Materials and methods 
 
Genome sequencing and assembly 
Roseovarius sp. A-2 was grown in Marine Broth 2216 medium (Becton Dickinson, 
Sparks, MD) under aerobic conditions. DNA was extracted using a DNeasy blood and tissue 
kit (Qiagen, Hilden, Germany). Whole-genome sequencing was performed using paired-end 
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sequencing on an Illumina MiSeq. The sequencer produced 300-bp paired-end reads that were 
obtained from 550-bp inserts. The quality of the reads was checked using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). PhiX contaminations 
(Huntemann et al., 2015) were removed using bbduk (http://jgi.doe.gov/data-and-
tools/bbtools/), and the PhiX free reads were trimmed using Trimmomatic (Bolger et al., 2014). 
The reads were assembled using SPAdes version 3.9.0 (Bankevich et al., 2012).  
 
Genome annotation using Prokka 
Genome annotation was performed using Prokka v1.11, which is a pipeline comprising 
several bioinformatic tools (Seemann, 2014). Briefly, Aragorn (Laslett and Canback, 2004) 
detected 46 tRNA genes, Barrnap predicted 1 copy of a 16S-23S-5S rRNA gene, and Prodigal 
(Hyatt et al., 2010) identified 4,514 protein coding DNA sequences (CDS), of which 400 
contained signal peptides identified using SignalP (Petersen et al., 2010). Of the 4,514 proteins, 
1,207 were hypothetical proteins of unknown function, 2,491 were annotated by UniProtKB 
(UniProt Consortium, 2014), 621 by Pfam (Finn et al., 2016), 255 by NCBI's CDD (Conserved 
Domain Database) (Marchler-Bauer et al., 2015), and 21 by HAMAP (Lima et al., 2009). 
 
UniProt annotation 
The UniProt Reference Clusters (UniRef) provide clustered sets of sequences from the 
UniProt Knowledgebase (http://www.uniprot.org/help/uniref). The similarity of the 4,514 
protein sequences were searched against the UniRef90 sequence databases (Release: 07-Sep-
2016; Number of clusters: 44,448,796) using BLASTP with the E value cutoff of 1e-05 and 
assigned the most similar (best hit) protein sequence information. Of the 4,514 proteins, 4,401 
(97.5%) had matches with 4,329 unique records in the UniRef90 database. 
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3. Results and Discussion 
 
General information of the Roseovarius sp. A-2 draft genome 
After the removal of low-coverage contigs, the resulting assembly contained 126 
contigs consisting of 4,584,578 bp, with a G+C content of 62.8 % (Table 3). The genome size 
and G+C content for strain A-2 were within the range of those for other Roseovarius spp. such 
as R. tolerans (3.7 Mb and 63.9%), R. mucosus (4.2 Mb and 61.9%), and R. indicus (5.5 Mb 
and 64.8%). The draft genome contained 46 tRNA genes, 1 copy of a 16S-23S-5S rRNA 
operon, and 4,514 protein coding DNA sequences, of which 1,207 (27%) were hypothetical 
proteins. The subsystem category of draft genome for strain A-2 is presented in Figure 16.  
 
Table 3. Genome statistics of Roseovarius sp. A-2. 
Genome size 4.58 Mb 
GC content 62.8% 
Number of contigs 126 
Total contig size 4,584,578 bp 
Largest contig 670,842 bp 
N50 160,967 
L50 8 
Protein encoding genes 4,514 
Genes with function prediction 3,307 
Genes with signal peptides 400 
tRNA genes 46 
rRNA operons 1 
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UniProt annotation 
 The organism distributions of the BLAST best hits in the UniRef90 database showed 
that 1,962 (44.6%), 2,792 (63.4%), and 4,148 (94.3%) of the 4,401 hits had top matches with 
sequences from the species Roseovarius tolerans, the genus Roseovarius, and the class 
Alphaproteobacteria, respectively (Table 4). The A-2 proteins best matching to the sequences 
of closely related bacteria (within the class Alphaproteobacteria) could be explained by 
vertically inherited from their common ancestor, while those of distantly related organisms 
(outside of Alphaproteobacteria) could be explained by (i) DNA contaminants of these 
organisms or (ii) horizontal gene transfers (HGTs) between the ancestor of the A-2 strain and 
these organisms. 
 
Table 4. Numbers of classes of BLAST best hits in the UniRef90 database 
Alphaproteobacteria 4,148 
Gammaproteobacteria 49 
Actinobacteria 36 
Betaproteobacteria 16 
Firmicutes 9 
Podoviridae 8 
 
Figure	16.	Subsystem	sta s cs	for	the	dra 	genome	of	Roseovarius	sp.	A-2	constructed	by	RAST	server.	Fig   syste  statistic  the draft genome of Roseovarious sp. A-2 cons ructed by RAST 
server 
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Most abundant products in the draft genome of strain A-2 
 The 9 most abundant product names in Roseovarius sp. strain A-2 are shown in Table 
5. 
Table 5. The 9 most abundant product names in Roseovarius sp. strain A-2. 
Database: 
Accession 
Product Number 
Pfam: PF04290.6 
tripartite ATP-independent periplasmic transporters, DctQ 
component 
21 
Pfam: PF00665.20 integrase core domain protein 16 
Pfam: PF00892.14 EamA-like transporter family protein 14 
UniProtKB: Q50685 putative FAD-linked oxidoreductase 10 
Pfam: PF07690.10 major Facilitator Superfamily protein 10 
Pfam: PF12695.1 alpha/beta hydrolase family protein 10 
Pfam: PF03401.8 tripartite tricarboxylate transporter family receptor 10 
Pfam: PF01970.10 tripartite tricarboxylate transporter TctA family protein 10 
Pfam: PF07331.5 tripartite tricarboxylate transporter TctB family protein 9 
 
 
Strain A-2-specific genes 
 To identify Roseovarius sp. A-2 strain-specific genes, gene presence and absence 
between the strain A-2 and the other 18 Roseovarius strains were compared. TBLASTN 
searches (on the criteria of an E-value cutoff of 1e-5) of the A-2 strain’s protein sequences 
were performed against whole nucleotide sequences of all the other strains. A total of 251 
protein-coding DNA sequences (CDSs) were present in the strain A-2 but absent in the other 
Roseovarius strains, some of which were found in clusters of genes (e.g. locus_tag: 
RA2_04074 to RA2_04090 in BDIY01000028). This set included 213 of functionally 
unknown genes ("hypothetical protein"), 3 of "tripartite tricarboxylate transporter TctB family 
protein", 2 of "major Facilitator Superfamily protein". Numbers of product names for the A-2 
strain-specific genes are shown in Table 6. These strain-specific genes may have been gained 
on the branch leading to this strain, and could be linked to its specific phenotype (e.g. iodide-
oxidizing ability). These genes might represent good targets for future experimental studies. 
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Table 6. Numbers of product names for the strain A-2-specific genes. 
Product Number 
hypothetical protein 213 
tripartite tricarboxylate transporter TctB family protein 3 
major Facilitator Superfamily protein 2 
3-ketoacyl-(acyl-carrier-protein) reductase 1 
3-phenylpropionate dioxygenase subunit beta 1 
alkanesulfonate transporter substrate-binding subunit 1 
alpha/beta hydrolase family protein 1 
bacterial SH3 domain protein 1 
bifunctional hydroxy-methylpyrimidine kinase/ hydroxy-phosphomethylpyrimidine kinase 1 
calcineurin-like phosphoesterase 1 
cobB/CobQ-like glutamine amidotransferase domain protein 1 
ERF superfamily protein 1 
fungal chitosanase 1 
glycosyl transferases group 1 1 
heavy-metal-associated domain protein 1 
helix-turn-helix domain protein 1 
N-6 DNA Methylase 1 
N-acetylmuramoyl-L-alanine amidase 1 
OsmC-like protein 1 
prophage CP4-57 regulatory protein 1 
response regulator receiver domain protein 1 
rossmann-like domain protein 1 
ST7 protein 1 
tellurite resistance protein TehB 1 
tellurite resistance protein TerB 1 
thiol-disulfide oxidoreductase 1 
tripartite ATP-independent periplasmic transporters, DctQ component 1 
YqaJ-like viral recombinase domain protein 1 
 
Mobile genetic elements (phage, plasmid, and transposon) 
The importance of mobile genetic elements and horizontal gene transfer in the evolution 
of bacteria is reported (Frost et al., 2005). The genome contained 96 "transposase" family 
proteins, 8 of "tyrosine recombinase XerC", and 8 of "tyrosine recombinase XerD". The 
presence of 4 plasmids in the Roseovarius mucosus type strain (DSM 17069T) is reported 
(Riedel et al., 2015). For the A-2 genome, the 21,846-bp-long contig sequence (accession 
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number: BDIY01000032) and 20,149-bp-long contig sequence (BDIY01000034) contained 
clusters of plasmid-like genes, including plasmid replication initiator protein (RepA) (Table 
7). 
Table 7. Clusters of plasmid-like genes. 
Locus tag Product 
RA2_04167 caiD_3 carnitinyl-CoA dehydratase 
RA2_04173 mobA_2 mobilization protein A 
RA2_04174 hypothetical protein 
RA2_04175 traG_3 conjugal transfer protein TraG 
RA2_04176 hypothetical protein 
RA2_04177 replication initiator protein A (RepA) 
RA2_04186 hypothetical protein 
RA2_04193 stf0 sulfotransferase 
RA2_04202 replication initiator protein A (RepA) 
RA2_04203 parA_3 chromosome partitioning protein ParA 
RA2_04204 parB-like nuclease domain protein 
RA2_04205 integrase core domain protein 
RA2_04206 soj_3 sporulation initiation inhibitor protein Soj 
RA2_04207 noc nucleoid occlusion protein 
RA2_04208 parD1 antitoxin ParD1 
RA2_04209 plasmid stabilization system protein 
RA2_04210 xerC_3 tyrosine recombinase XerC 
 
 Also, several contig sequences (accession numbers BDIY01000017, BDIY01000022, 
BDIY01000028, BDIY01000035, BDIY01000039) contained clusters of virus- or (pro)phage-
like genes (Table 8). 
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Table 8. Clusters of virus- or (pro)phage-like genes. 
Locus tag Product 
RA2_03243 hypothetical protein 
RA2_03273 phage major tail protein 2 
RA2_03275 phage head-tail joining protein 
RA2_03276 phage gp6-like head-tail connector protein 
RA2_03277 phage capsid family protein 
RA2_03281 phage portal protein 
RA2_03329 bacterial SH3 domain protein 
RA2_03688 phage integrase family protein 
RA2_03689 intS_1 putative prophage CPS-53 integrase 
RA2_03696 phage Terminase 
RA2_03697 hypothetical protein 
RA2_03698 HNH endonuclease 
RA2_03699 phage capsid family protein 
RA2_03700 caudovirus prohead protease 
RA2_03701 hypothetical protein 
RA2_03702 phage portal protein 
RA2_03735 hypothetical protein 
RA2_03773 rnk regulator of nucleoside diphosphate kinase 
RA2_04053 ssb_4 single-stranded DNA-binding protein 
RA2_04057 recE exodeoxyribonuclease 8 
RA2_04069 phage terminase large subunit 
RA2_04070 hypothetical protein 
RA2_04071 phage portal protein, lambda family 
RA2_04077 hypothetical protein 
RA2_04082 hypothetical protein 
RA2_04090 hypothetical protein 
RA2_04091 phage integrase family protein 
RA2_04092 hypothetical protein 
RA2_04093 hypothetical protein 
RA2_04094 site-specific tyrosine recombinase XerC 
RA2_04211 relaxase/mobilization nuclease domain protein 
RA2_04223 intS_2 putative prophage CPS-53 integrase 
RA2_04224 hypothetical protein 
RA2_04225 hypothetical protein 
RA2_04226 prophage CP4-57 regulatory protein 
RA2_04281 hypothetical protein 
RA2_04282 site-specific tyrosine recombinase XerC 
RA2_04283 zinc D-Ala-D-Ala carboxypeptidase precursor 
RA2_04284 hypothetical protein 
RA2_04285 hypothetical protein 
RA2_04286 phage Tail Collar Domain protein 
RA2_04287 lipoprotein NlpI 
RA2_04288 hypothetical protein 
RA2_04289 artJ_2 ABC transporter arginine-binding protein 1 precursor 
RA2_04290 glnP_2 glutamine transport system permease protein GlnP 
RA2_04291 glnQ_6 glutamine transport ATP-binding protein GlnQ 
RA2_04292 glnP_3 glutamine transport system permease protein GlnP 
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RA2_04293 hypothetical protein 
 
Copper-associated genes 
Genes encoding copper-associated proteins are summarized in Table 9. The genome 
included at least three multicopper oxidase genes (feature ID 95, 277, and 3667). One of 
multicopper oxidase genes (feature ID 277) flanked with three copper tolerance protein genes 
(feature ID 275, 276, and 278). Nearby the gene cluster, there were additional two copper-
translocating P-type ATPase  (feature ID 265 and 272). The arrangement of these copper-
associated genes suggests that they function as copper resistance and/or copper efflux outside 
of the cells.  
Another multicopper oxidase gene (feature ID 3667) showed 60% amino acid sequence 
similarity with IoxA of Iodidimonas sp. strain Q-1. Other proteins showing significant 
similarities with this multicopper oxidase included spore coat protein A of Roseovarius 
tolerans (87%), putative multicopper oxidase of Roseovarius mucosus (83%), and copper 
oxidase of Roseovarius sp. 217 (83%). In addition, two peptide sequences (IEQGSAEIWTFR 
and WRDFFGK), which were detected previously in tandem mass spectrometric analysis of an 
active band of iodide-oxidizing enzyme of strain A-2 (Shiroyama et al., 2016), were conserved. 
Thus, it was demonstrated that this multicopper oxidase is a structural gene of IoxA in strain 
A-2. 
Analysis of the flanking region of ioxA revealed that five possible ORFs (ioxA, B, C, D, 
and E) were present with the same orientation and with a relatively close sequential 
arrangement (Table 10). The third peptide sequence (EYEGFPLLHYLGGLK) recovered from 
iodide-oxidizing enzyme of strain A-2 was found within a deduced protein encoded by ioxC. 
The proteins encoded by both ioxB and ioxD showed homologies with SCO1/SenC family 
proteins, which are known to bind copper and be involved in the assembly of the cytochrome 
c oxidase complex in yeast (Schulze and Roedel, 1989). The protein encoded by ioxE was a 
59 
putative cytochrome c family protein, and contained one heme motif (CXXC). It is noteworthy 
that iox gene cluster arrangement found in strain A-2 (ioxA, B, C, D, and E) is very similar to 
that surrounding the ioxA gene in Iodidimonas sp. Q-1 and Roseovarius sp. 217 (Fig. 17). 
To understand distribution of ioxA in the genus Roseovarius, a phylogenetic tree based 
on 16S rRNA gene was constructed by using 19 Roseovarius spp. strains together with 7 
iodide-oxidizing bacterial strains. When ioxA-homologs were present in their genome, they 
were expressed with black dots. As shown in Figure 18, Roseovarius spp. were 
phylogenetically divided into 4 groups. Among these, distribution of ioxA was restricted to 
Roseovarius tolerans/mucosus group, and other Roseovarius groups did not possess this gene. 
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Table 9. Genes associated with copper metabolism in the draft genome of Roseovarius sp. A-2 
 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
95 483 Multicopper oxidase copper oxidase [Roseovarius sp. 
MCTG156(2b)] 
WP_037239810 96 0 
265 266 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
copper-translocating P-type ATPase   
[Roseovarius sp. 217] 
WP_009819807 95 2E-168 
272 777 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
haloacid dehalogenase [Celeribacter sp. 
NH195] 
WP_066707454 85 0 
275 96 Copper tolerance protein hypothetical protein [Pseudophaeobacter 
arcticus] 
WP_027240549 56 0 
276 172 Copper tolerance protein copper oxidase [Pseudorhodobacter 
psychrotolerans] 
WP_054007391      56 2E-59 
277 477 Multicopper oxidase copper oxidase [Leisingera caerulea] WP_027235298 83 0 
278 489 Copper tolerance protein Outer membrane protein                
[Rhodobacteraceae bacterium HLUCCO07] 
KPP85221 62 0 
430 820 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
copper-translocating P-type ATPase          
[Roseovarius tolerans] 
WP_050664357 88 0 
820 502 Apolipoprotein N-acyltransferase (EC 2.3.1.-) / 
Copper homeostasis protein CutE 
apolipoprotein N-acyltransferase 
[Roseovarius tolerans] 
WP_050662668 91 0 
891 173 Copper metallochaperone, bacterial analog of Cox17 
protein / Conserved membrane protein in copper 
uptake, YcnI 
hypothetical protein [Halocynthiibacter 
arcticus] 
WP_039000989 92 2e-115 
892 519 Copper resistance protein CopD hypothetical protein [Halocynthiibacter 
arcticus] 
WP_052274669 91 0 
1464 760 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
heavy metal translocating P-type ATPase 
[Roseivivax atlanticus] 
WP_043843743 81 0 
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1622 154 Copper metallochaperone, bacterial analog of Cox17 
protein 
copper-binding protein [Roseovarius 
tolerans] 
WP_074786253 95 7e-89 
1946 727 Type cbb3 cytochrome oxidase biogenesis protein 
CcoI; Copper-translocating P-type ATPase (EC 
3.6.3.4) 
copper-translocating P-type ATPase 
[Roseovarius tolerans] 
WP_050661387 95 0 
2149 635 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
heavy metal-(Cd/Co/Hg/Pb/Zn)-
translocating P-type ATPase [Tropicimonas 
isoalkanivorans] 
SFD26155 98 0 
2299 146 Copper metallochaperone, bacterial analog of Cox17 
protein 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_037239788 98 6e-96 
2300 218 Cytochrome oxidase biogenesis protein 
Sco1/SenC/PrrC, putative copper metallochaperone 
electron transporter [Roseovarius sp. 
MCTG156(2b)] 
WP_051922131 89 1e-134 
3667 632 Multicopper oxidase spore coat protein A (Roseovarius 
tolerans) 
ROTO_00960 87 0 
3668 262 Cytochrome oxidase biogenesis protein 
Sco1/SenC/PrrC, putative copper metallochaperone 
/ cytochrome c 
hypothetical protein ROTO_00970 
[Roseovarius tolerans] 
KNX43308 94 3e-166 
3670 280 Cytochrome oxidase biogenesis protein 
Sco1/SenC/PrrC, putative copper metallochaperone 
SCO family protein [Roseovarius tolerans] WP_050661063 87 4e-171 
4031 116 Copper tolerance protein hypothetical protein [Halofilum 
ochraceum] 
WP_067562497 49 2e-23 
4165 195 Cytochrome oxidase biogenesis protein Cox11-CtaG, 
copper delivery to Cox1 
cytochrome c oxidase assembly protein 
[Roseovarius tolerans] 
WP_050664213 97 2e-139 
4397 208 Cytochrome oxidase biogenesis protein 
Sco1/SenC/PrrC, putative copper metallochaperone 
protein senC [Roseovarius tolerans] WP_050663653 93 2e-135 
4492 622 Lead, cadmium, zinc and mercury transporting 
ATPase (EC 3.6.3.3) (EC 3.6.3.5); Copper-
translocating P-type ATPase (EC 3.6.3.4) 
copper-translocating P-type ATPase 
[Roseovarius sp. 217] 
WP_009819807 95 0 
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Table 10. The iox gene cluster in the draft genome of Roseovarius sp. A-2. 
Feature ID A.A. Annotation Blastp top hit [organism] Accession # Identity (%) E value 
3667 632 IoxA: Multicopper oxidase spore coat protein A [Roseovarius tolerans] ROTO_00960 87 0 
3668 263 IoxB: Cytochrome c hypothetical protein [Roseovarius tolerans] ROTO_00970 94 2E-166 
3669 607 IoxC: Hypothetical protein hypothetical protein [Roseovarius tolerans] ROTO_00980 80 0 
3670 281 IoxD: Putative copper metallochaperone/SenC SCO family protein [Roseovarius tolerans] ROTO_00990 87 3E-171 
3671 563 IoxE: Cytochrome c family protein/putative hypothetical protein [Roseovarius tolerans] ROTO_01000 89 0 
63 
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Central carbon metabolism 
The draft genome of strain A-2 encoded a large number of proteins involved in central 
carbon metabolisms, including 48 proteins for glycolysis and glyconeogenesis (Table 11), 33 
proteins for tricarboxylic acid (TCA) cycle (Table 12), and 21 proteins for pentose phosphate 
pathway (Table 13). Strain A-2 appears to have an incomplete glycolysis pathway, since a 
gene encoding a key enzyme phosphofructokinase (pfk) was absent. Lack of pfk suggests that 
strain A-2 is unable to utilize glucose for growth. This is consistent with the facts that almost 
all Roseovarius spp. including R. tolerans (Labrenz et al., 1999), R. mucocus (Biebl et al., 
2005; Riedel et al., 2015), R. crassostreae (Boettcher et al., 2005), R. aestuarii (Yoon et al., 
2008), R. halotolerans (Oh et al., 2009), R. pacificus (Wang et al., 2009), R. nanhaiticus (Wang 
et al., 2010), R. marinus (Jung et al., 2011), R. indicus (Lai et al., 2011), R. halocynthiae (Kim 
et al., 2012), R. sediminilitoris (Park and Yoon, 2013), R. albus (Lucena et al., 2014), R. 
scapharcae (Kim et al., 2015), R. antlanticus (Li et al., 2016), R. aestuariivivens (Park et al., 
2017), and R. confluentis (Jia et al., 2017) are also negative for utilization of glucose. To date, 
only R. marinus has been reported to utilize glucose as a source of carbon for growth (Jung et 
al., 2011).  
Carbon metabolism pathways of Roseovarius strain A-2 suggested that it can utilize 
carbon sources such as pyruvate, glycerol, intermediates of TCA cycle, acetate, and alanine. 
Actually, many Roseovarius spp. have been reported to utilize acetate, butyrate, intermediates 
of TCA cycle, pyruvate, glycerol, and alanine (Jung et al., 2011; Park et al., 2017; Riedel et 
al., 2015). In addition, strain A-2 possessed a large amount of tripartite tricarboxylate 
transporters (Table 5) as well as ABC transporters for various amino acids, peptides, and 
glycerol-3-phosphate (Tables 21, 22, and 26), whereas it neither possessed ABC transpoters 
for mono- and di-saccharides nor common PEP-dependent group translocation systems for 
sugar uptake (phosphotransferase systems). Therefore, strain A-2 might preferentially utilize 
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various oraganic acids, amino acids, peptides, and glycerol-3-phosphate over carbohydrates 
(sugars) as carbon sources, although phenotypic detemination was not carried out in this study. 
The genome also included various genes encoding enzymes in pentose phosphate pathways 
and the Entner-Doudoroff pathway such as pyruvate carboxylase, malic enzyme, and 
phosphoenolpyruvate carboxykinase to perform anaplerotic CO2 fixation and cataplerosis that 
work together to provide the appropriate balance of carbon flow into and out of the TCA cycle.  
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Table 11. Genes involved in glycolysis/gluconeogenesis pathway. 
Feature 
ID 
A.A
. 
Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
63 115 Alcohol dehydrogenase (EC 1.1.1.1) Crotonyl-CoA reductase [Roseovarius tolerans] KNX42111 53 3E-26 
128 802 Pyruvate dehydrogenase E1 component (EC 
1.2.4.1) 
transketolase [Ruegeria sp. ZGT118] WP_068343271 85 0 
307 350 Alcohol dehydrogenase (EC 1.1.1.1) alcohol dehydrogenase [Roseovarius tolerans] WP_050663837 95 0 
498 533 Phosphoenolpyruvate carboxykinase [ATP] (EC 
4.1.1.49) 
phosphoenolpyruvate carboxykinase (ATP) 
[Roseovarius tolerans] 
WP_050663182 93 0 
923 526 Acetyl-coenzyme A synthetase (EC 6.2.1.1) AMP-dependent synthetase [Roseovarius 
tolerans] 
WP_050662517 90 0 
987 397 Phosphoglycerate kinase (EC 2.7.2.3) phosphoglycerate kinase [Roseovarius 
tolerans] 
WP_050661612 95 0 
1002 337 Pyruvate dehydrogenase E1 component alpha 
subunit (EC 1.2.4.1) 
pyruvate dehydrogenase (acetyl-transferring) 
E1 component subunit alpha [Roseovarius 
tolerans] 
WP_050661226 96 0 
1003 459 Pyruvate dehydrogenase E1 component beta 
subunit (EC 1.2.4.1) 
pyruvate dehydrogenase complex E1 
component subunit beta [Roseovarius 
tolerans] 
WP_050661227 94 0 
1004 449 Dihydrolipoamide acetyltransferase 
component of pyruvate dehydrogenase 
complex (EC 2.3.1.12) 
pyruvate dehydrogenase complex 
dihydrolipoamide acetyltransferase 
[Roseovarius tolerans] 
WP_050661228 93 0 
1007 505 2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase (EC 5.4.2.1) 
2,3-bisphosphoglycerate-independent     
phosphoglycerate mutase [Roseovarius 
tolerans] 
WP_050661037 93 0 
1026 426 Enolase (EC 4.2.1.11) phosphopyruvate hydratase [Roseovarius 
tolerans] 
WP_050662681 99 0 
1027 93 Glucose-6-phosphate isomerase (EC:5.3.1.9) hypothetical protein [Salipiger mucosus] WP_020040362 64 6E-30 
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1028 536 Glucose-6-phosphate isomerase (EC 5.3.1.9) glucose-6-phosphate isomerase [Roseovarius 
tolerans] 
WP_050662680 89 0 
1082 533 Phosphoenolpyruvate carboxykinase [ATP] (EC 
4.1.1.49) 
phosphoenolpyruvate carboxykinase (ATP) 
[Roseovarius sp. MCTG156(2b)] 
WP_037245177 89 0 
1107 332 Alcohol dehydrogenase (EC 1.1.1.1) acryloyl-CoA reductase [Roseovarius tolerans] WP_050662023 93 0 
1210 650 Acetyl-coenzyme A synthetase (EC 6.2.1.1) acetyl-coenzyme A synthetase [Roseovarius 
tolerans] 
WP_050662851 98 0 
1220 507 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Roseovarius 
tolerans] 
WP_050661459 97 0 
1231 630 Acetyl-coenzyme A synthetase (EC 6.2.1.1) propionyl-CoA synthetase [Roseovarius 
tolerans] 
WP_050661529 94 0 
1235 333 NAD-dependent glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) 
glyceraldehyde-3-phosphate dehydrogenase 
[Roseovarius tolerans] 
WP_050661468 90 0 
1289 481 Aldehyde dehydrogenase (EC 1.2.1.3) NAD-dependent succinate-semialdehyde 
dehydrogenase [Phaeobacter sp. S26] 
WP_040169875 83 0 
1294 355 Phosphoenolpyruvate carboxykinase [ATP] (EC 
4.1.1.49) 
phosphoenolpyruvate carboxykinase (ATP) 
[Aurantimonas sp. Leaf443] 
WP_055850129 42 1E-74 
1510 361 Alcohol dehydrogenase (EC 1.1.1.1) alcohol dehydrogenase [Ruegeria sp. ANG-S4] WP_039532893 82 0 
1514 467 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Leisingera sp. ANG-
M6] 
WP_039189540 81 0 
1573 477 Aldehyde dehydrogenase (EC 1.2.1.3) succinate-semialdehyde dehydrogenase       
[Labrenzia alba] 
WP_055112994 74 0 
1757 638 Acetyl-coenzyme A synthetase (EC 6.2.1.1) propionyl-CoA synthetase [Leisingera 
aquimarina] 
WP_027255819 92 0 
1935 499 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Roseovarius 
tolerans] 
WP_050661342 94 0 
1948 463 Dihydrolipoamide dehydrogenase of 2-
oxoglutarate dehydrogenase (EC 1.8.1.4) 
dihydrolipoyl dehydrogenase [Roseovarius 
tolerans] 
WP_050663163 97 0 
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2253 479 Dihydrolipoamide dehydrogenase (EC 1.8.1.4) dihydrolipoyl dehydrogenase              
[Arsukibacterium sp. MJ3] 
WP_046553090 87 0 
2276 390 Alcohol dehydrogenase (EC 1.1.1.1) alcohol dehydrogenase                             
[Roseovarius sp. MCTG156(2b)] 
WP_037239096 68 1E-176 
2636 647 Acetyl-coenzyme A synthetase (EC 6.2.1.1) acetyl-coenzyme A synthetase [Roseovarius 
tolerans] 
WP_050662585 96 0 
2739 362 Alcohol dehydrogenase (EC 1.1.1.1) zinc-binding dehydrogenase [Roseovarius 
tolerans] 
WP_050662650 96 0 
2812 481 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Roseovarius 
tolerans] 
WP_050662089. 96 0 
3379 482 Pyruvate kinase (EC 2.7.1.40) pyruvate kinase [Roseovarius tolerans] WP_050661661 95 0 
3410 628 Acetyl-coenzyme A synthetase (EC 6.2.1.1) acyl-CoA synthetase [Roseovarius tolerans] WP_050663457      96 0 
3523 482 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Roseovarius 
tolerans] 
WP_050661788 90 0 
3746 298 Fructose-bisphosphate aldolase class I (EC 
4.1.2.13) 
class I fructose-bisphosphate aldolase                        
[Roseovarius tolerans] 
WP_050661613 90 0 
3780 465 Dihydrolipoamide dehydrogenase (EC 1.8.1.4) dihydrolipoyl dehydrogenase [Roseovarius 
tolerans] 
WP_050662454 96 0 
3798 250 Triosephosphate isomerase (EC 5.3.1.1) triose-phosphate isomerase [Roseovarius 
tolerans] 
WP_050662417 90 2E-159 
3859 301 Aldehyde dehydrogenase (EC 1.2.1.3) Methionyl-tRNA formyltransferase                               
[Roseovarius mucosus DSM 17069] 
KGM88979 92 0 
3881 90 Glucose-6-phosphate isomerase (EC 5.3.1.9) glucose-6-phosphate isomerase                    
[Phaeobacter gallaeciensis] 
WP_065272247 61 1E-12 
3914 322 Fructose-1,6-bisphosphatase, GlpX type (EC 
3.1.3.11) 
fructose 1,6-bisphosphatase [Roseovarius 
tolerans] 
WP_050661990 98 0 
69 
3933 335 NADPH-dependent glyceraldehyde-3-
phosphate dehydrogenase (EC 1.2.1.13);NAD-
dependent glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) 
type I glyceraldehyde-3-phosphate 
dehydrogenase [Roseovarius tolerans] 
WP_050662037 94 0 
3935 334 NADPH-dependent glyceraldehyde-3-
phosphate dehydrogenase (EC 1.2.1.13);NAD-
dependent glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) 
type I glyceraldehyde-3-phosphate 
dehydrogenase [Roseovarius tolerans] 
WP_050662007 97 0 
3969 509 Acetyl-coenzyme A synthetase (EC 6.2.1.1) benzoate--CoA ligase [Roseovarius tolerans] WP_050662131 91 0 
4236 333 NAD-dependent glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) 
type I glyceraldehyde-3-phosphate 
dehydrogenase [Roseovarius sp. TM1035] 
WP_008281908 91 0 
4243 309 Glucokinase (EC 2.7.1.2) glucokinase [Roseovarius tolerans] WP_050663219 79 2E-170 
4313 460 Aldehyde dehydrogenase (EC 1.2.1.3) aldehyde dehydrogenase [Roseovarius 
tolerans] 
 WP_050661831     93 0 
4314 382 Alcohol dehydrogenase (EC 1.1.1.1) alcohol dehydrogenase [Roseovarius tolerans] WP_050661830 94 0 
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Table 12. Genes involved in TCA cycle. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identit
y (%) 
E value 
128 802 Pyruvate dehydrogenase E1 component (EC 
1.2.4.1) 
transketolase [Ruegeria sp. ZGT118] WP_068343271 85 0 
305 398 Succinyl-CoA ligase [ADP-forming] beta chain 
(EC 6.2.1.5) 
succinyl-CoA synthetase subunit beta                  
[Roseovarius tolerans] 
WP_050663835 95 0 
306 294 Succinyl-CoA ligase [ADP-forming] alpha 
chain (EC 6.2.1.5) 
succinate--CoA ligase subunit alpha 
[Roseovarius tolerans] 
WP_050663836 96 0 
498 533 Phosphoenolpyruvate carboxykinase [ATP]     
(EC 4.1.1.49) 
Phosphoenolpyruvate carboxykinase (ATP) 
[Roseovarius tolerans]. 
ROTO_23010 93 0 
1002 337 Pyruvate dehydrogenase E1 component 
alpha subunit (EC 1.2.4.1) 
pyruvate dehydrogenase (acetyl-transferring) 
E1 component subunit alpha [Roseovarius 
tolerans] 
WP_050661226 96 0 
1004 449 Dihydrolipoamide acetyltransferase 
component of pyruvate dehydrogenase 
complex (EC 2.3.1.12) 
pyruvate dehydrogenase complex 
dihydrolipoamide acetyltransferase 
[Roseovarius tolerans] 
WP_050661228 93 0 
1009 459 Pyruvate dehydrogenase E1 component beta 
subunit (EC 1.2.4.1) 
pyruvate dehydrogenase complex E1 
component subunit beta [Roseovarius tolerans] 
WP_050661227  94 0 
1082 533 Phosphoenolpyruvate carboxykinase [ATP]       
(EC 4.1.1.49) 
phosphoenolpyruvate carboxykinase (ATP) 
[Roseovarius sp. MCTG156(2b)] 
 
WP_037245177 
89 0 
1294 355 Phosphoenolpyruvate carboxykinase [ATP]         
(EC 4.1.1.49) 
phosphoenolpyruvate carboxykinase (ATP) 
[Aurantimonas sp. Leaf443] 
WP_055850129 42 1E-74 
1948 463 Dihydrolipoamide dehydrogenase of 2-
oxoglutarate dehydrogenase (EC 1.8.1.4) 
dihydrolipoyl dehydrogenase [Roseovarius 
tolerans] 
WP_050663163              97 0 
1950 512 Dihydrolipoamide succinyltransferase 
component (E2) of 2-oxoglutarate 
dehydrogenase complex (EC 2.3.1.61) 
dihydrolipoamide succinyltransferase                 
[Roseovarius tolerans] 
WP_050663159 97 0 
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1951 987 2-oxoglutarate dehydrogenase E1 
component (EC 1.2.4.2) 
2-oxoglutarate dehydrogenase subunit E1         
[Roseovarius tolerans] 
WP_050663158 98 0 
1953 294 Succinyl-CoA ligase [ADP-forming] alpha 
chain (EC 6.2.1.5) 
succinate--CoA ligase subunit alpha 
[Roseovarius tolerans] 
WP_050663157 97 0 
1954 398 Succinyl-CoA ligase [ADP-forming] beta chain 
(EC 6.2.1.5) 
succinate--CoA ligase subunit beta [Roseovarius 
sp. 217] 
WP_009816308 95 0 
1956 321 Malate dehydrogenase (EC 1.1.1.37) malate dehydrogenase [Roseovarius tolerans]  
WP_050663153 
98 0 
1956 321 Malate dehydrogenase (EC 1.1.1.37) malate dehydrogenase [Roseovarius tolerans] WP_050663153 98 0 
2253 479 Dihydrolipoamide dehydrogenase (EC 
1.8.1.4) 
dihydrolipoyl dehydrogenase [Arsukibacterium 
sp. MJ3]. 
WP_046553090 87 0 
2404 114
7 
Pyruvate carboxylase (EC 6.4.1.1) pyruvate carboxylase [Roseovarius sp. 
MCTG156(2b)] 
WP_037244534             90 0 
2803 224 Fumarate hydratase class I, aerobic (EC 
4.2.1.2) 
fumarate hydratase [Roseovarius tolerans] WP_050662945 96 5E-159 
2804 320 Fumarate hydratase class I, aerobic (EC 
4.2.1.2) 
fumarate hydratase [Roseovarius tolerans] WP_050662946 98 0 
2805 585 Succinate dehydrogenase flavoprotein 
subunit (EC 1.3.99.1) 
fumarate reductase (Roseovarius tolerans) WP_050662947 96 0 
2808 245 Succinate dehydrogenase iron-sulfur protein 
(EC 1.3.99.1) 
hypothetical protein (Roseovarius tolerans) WP_050662950 97 3E-175 
3135 432 Citrate synthase (si) (EC 2.3.3.1) citrate (Si)-synthase [Roseovarius tolerans] WP_050661572  98 0 
3153 464 Fumarate hydratase class II (EC 4.2.1.2) class II fumarate hydratase [Roseovarius 
tolerans] 
WP_050662402 98 0 
3457 601 Succinate dehydrogenase flavoprotein 
subunit (EC 1.3.99.1) 
succinate dehydrogenase flavoprotein subunit 
[Roseovarius tolerans] 
WP_050661412 98 0 
3458 260 Succinate dehydrogenase iron-sulfur protein 
(EC 1.3.99.1) 
succinate dehydrogenase iron-sulfur subunit 
[Roseovarius tolerans] 
WP_050661415 97 0 
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3780 465 Dihydrolipoamide dehydrogenase (EC 
1.8.1.4) 
dihydrolipoyl dehydrogenase [Roseovarius 
tolerans] 
WP_050662454 96 0 
3805 917 Aconitate hydratase (EC 4.2.1.3) aconitate hydratase [Roseovarius tolerans] WP_050664404 98 0 
3851 298 Succinyl-CoA ligase [ADP-forming] alpha 
chain (EC 6.2.1.5) 
succinate--CoA ligase subunit alpha 
[Roseovarius sp. 217] 
WP_009817974 93 0 
3852 392 Succinyl-CoA ligase [ADP-forming] beta chain 
(EC 6.2.1.5) 
succinyl-CoA synthetase subunit beta                  
[Roseovarius sp. MCTG156(2b)] 
WP_037245143 84 0 
3853 294 Succinyl-CoA ligase [ADP-forming] alpha 
chain (EC 6.2.1.5) 
succinate--CoA ligase subunit alpha 
[Roseovarius tolerans] 
WP_050663157 97 0 
3854 398 Succinyl-CoA ligase [ADP-forming] beta chain 
(EC 6.2.1.5) 
succinate--CoA ligase subunit beta [Roseovarius 
sp. 217] 
WP_009816308 93 0 
3964 735 Isocitrate dehydrogenase [NADP]                 
(EC 1.1.1.42)/Monomeric isocitrate 
dehydrogenase [NADP] (EC 1.1.1.42) 
isocitrate dehydrogenase [Roseovarius 
tolerans] 
WP_050662137 95 0 
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Table 13. Genes involved in pentose phosphate pathway. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
77 672 Transketolase (EC 2.2.1.1) transketolase [Roseovarius tolerans] WP_050662269 95 0 
539 263 Ribose 5-phosphate isomerase A (EC 5.3.1.6) ribose 5-phosphate isomerase A [Roseovarius 
mucosus] 
WP_037272471 95 2E-179 
700 305 2-dehydro-3-deoxygluconate kinase (EC 2.7.1.45) hypothetical protein [Sulfitobacter sp. NAS-14.1] WP_009824397 78 3E-173 
1027 93 glucose-6-phosphate isomerase (EC:5.3.1.9 ) hypothetical protein [Salipiger mucosus] WP_020040362 64 6E-30 
1028 536 Glucose-6-phosphate isomerase (EC 5.3.1.9) glucose-6-phosphate isomerase [Roseovarius 
tolerans] 
WP_050662680 89 0 
1029 224 6-phosphogluconolactonase (EC 3.1.1.31), 
eukaryotic type 
6-phosphogluconolactonase [Roseovarius 
tolerans] 
WP_050662679 91 4E-144 
1030 485 Glucose-6-phosphate 1-dehydrogenase (EC 
1.1.1.49) 
glucose-6-phosphate dehydrogenase            
[Roseovarius tolerans] 
WP_050662688 94 0 
1415 467 6-phosphogluconate dehydrogenase, 
decarboxylating (EC 1.1.1.44) 
phosphogluconate dehydrogenase (NADP (+)-
dependent, decarboxylating) [Roseovarius 
tolerans] 
WP_050661912 90 0 
1575 298 Gluconolactonase (EC 3.1.1.17) hypothetical protein [Kiloniella laminariae] WP_051083037 60 3E-125 
1784 234 Ribulose-phosphate 3-epimerase (EC 5.1.3.1) ribulose phosphate epimerase [Roseovarius 
tolerans] 
WP_050663768 98 7E-165 
3594 218 Transaldolase (EC 2.2.1.2) fructose-6-phosphate aldolase [Roseovarius 
tolerans] 
WP_050663660 98 6E-155 
3622 347 Ribose-phosphate pyrophosphokinase (EC 2.7.6.1) phosphoribosylpyrophosphate synthetase 
[Roseovarius tolerans] 
WP_050662687 97 0 
3746 298 Fructose-bisphosphate aldolase class I (EC 
4.1.2.13) 
class I fructose-bisphosphate aldolase 
[Roseovarius tolerans] 
WP_050661613 90 0 
3878 485 Glucose-6-phosphate 1-dehydrogenase (EC 
1.1.1.49) 
glucose-6-phosphate dehydrogenase 
[Phaeobacter sp. CECT 7735] 
WP_058312734 80 0 
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3879 604 Phosphogluconate dehydratase (EC 4.2.1.12) phosphogluconate dehydratase [Ruegeria sp. 
ZGT118] 
WP_068347779 86 0 
3880 218 4-Hydroxy-2-oxoglutarate aldolase (EC 4.1.3.16);2-
dehydro-3-deoxyphosphogluconate aldolase (EC 
4.1.2.14) 
keto-deoxy-phosphogluconate aldolase 
[Leisingera sp. JC1] 
WP_065268817 81 1E-116 
3881 90 Glucose-6-phosphate isomerase (EC 5.3.1.9) glucose-6-phosphate isomerase [Phaeobacter 
gallaeciensis] 
WP_065272247 61 1E-12 
3914 322 Fructose-1,6-bisphosphatase, GlpX type  
(EC 3.1.3.11) 
fructose 1,6-bisphosphatase [Roseovarius 
tolerans] 
WP_050661990 98 0 
4117 211 4-hydroxy-2-oxoglutarate aldolase (EC 4.1.3.16);2-
dehydro-3-deoxyphosphogluconate aldolase (EC 
4.1.2.14) 
hypothetical protein [Roseovarius tolerans] WP_050663123 91 5E-123 
4211 298 Gluconolactonase (EC 3.1.1.17) hypothetical protein [Thalassobaculum 
salexigens] 
WP_028792707 47 2E-77 
4454 321 Glyoxylate reductase (EC 1.1.1.79) D-glycerate dehydrogenase [Roseovarius 
tolerans] 
WP_050661339 96 0 
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Cytochrome c-associated genes 
A total 46 genes were identified as cytochrome c-associated genes in the draft genome 
of strain A-2 (Table 14).  Genes encoding cytochrome c oxidases are involved in the transfer 
of electrons from cytochrome c to oxygen, and are important components in the respiratory 
chain located in the cytoplasmic membrane. In addition, ccdA (cytochrome c biogenesis 
family) was found to be required for cytochrome c synthesis, and controls biological processes 
such as assembly of cytochrome complex and oxidation-reduction process. A gene encoding 
cytochrome c heme lyase subunit (ccmF) has a role in molecular function (heme binding, heme 
transporter activity, and lyase activity) and biological process (assembly of cytochrome 
complex).  Genes encoding heme exporters such as ccmD, ccmB, and ccmA were also 
confirmed. Most of c-type cytochrome genes showed high similarities with homologous genes 
found in the genus Roseovarius.  It was found that at most two heme motifs (CXXC) of 
cytochrome c was present in the draft genome of strain A-2, including cytochrome c oxidase 
subunit CcoP, cytochrome c551 peroxidase, thiol oxidoreductase with 2 cytochrome c heme-
binding sites, and cytochrome c4.
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     Table 14. Genes encoding cytochrome c-associated proteins 
Feature 
ID 
A.A. Annotation # of 
heme 
motif  
Blastp top hit [organism] Accession 
# 
Identi
ty (%) 
E 
value 
258 151 Cytochrome c heme lyase subunit CcmL 0 cytochrome C biogenesis protein CcdA [Roseovarius 
tolerans] 
WP_0747
84898 
91 7E-92 
259 655 Cytochrome c heme lyase subunit CcmF 0 c-type cytochrome biogenesis protein CcmF 
[Roseovarius tolerans] 
WP_0747
84899 
96 0 
437 172 Cytochrome c-type biogenesis protein 
CcmG/DsbE, thiol:disulfide oxidoreductase 
0 cytochrome c-type biogenesis protein CycY 
(periplasmic thioredoxin) [Roseivivax atlanticus] 
ETW1076
3 
77 8E-93 
438 160 Cytochrome c family protein 1 cytochrome c [Roseovarius sp. 217] WP_0098
19815 
87 2E-98 
542 151 Cytochrome c family protein 1 cytochrome c [Roseovarius tolerans] WP_0506
62331 
92 8E-74 
724 768 Trimethylamine-N-oxide reductase (Cytochrome 
c) (EC 1.7.2.3) 
0 biotin transporter BioY [Rhodobacteraceae 
bacterium EhC02] 
WP_0682
95061 
80 0 
1315 149 Cytochrome c-type biogenesis protein CcmE, 
heme chaperone 
0 cytochrome c biogenesis protein CcmE [Roseovarius 
tolerans] 
WP_0747
84902 
97 9E-
100 
1383 189 Conserved hypothetical protein, gene in 
Ubiquinol-cytochrome C chaperone locus 
0 hypothetical protein ROTO_03080 [Roseovarius 
tolerans] 
KNX43179 74 9E-89 
1453 366 D-Lactate dehydrogenase, cytochrome c-
dependent (EC 1.1.2.4) 
0 FAD-binding oxidoreductase [Thioclava indica] WP_0381
29042 
87 0 
1631 144 Cytochrome c2 1 cytochrome C [Roseovarius tolerans] WP_0747
85936 
74% 2E-71 
1711 187 Ubiquinol-cytochrome C reductase iron-sulfur 
subunit (EC 1.10.2.2) 
1 ubiquinol-cytochrome c reductase iron-sulfur 
subunit [Roseovarius tolerans] 
WP_0506
63994 
99 2E-
135 
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1712 441 Ubiquinol--cytochrome c reductase, cytochrome 
B subunit (EC 1.10.2.2) 
0 cytochrome b [Roseovarius tolerans] WP_0506
63993 
98 0 
1713 282 ubiquinol cytochrome C oxidoreductase, 
cytochrome C1 subunit 
1 cytochrome c [Roseovarius tolerans] WP_0506
63992 
95 0 
1750 95 Trimethylamine-N-oxide reductase (Cytochrome 
c) (EC 1.7.2.3) 
0 hypothetical protein [Leisingera aquimarina] WP_0272
55826 
84 9E-50 
1939 535 Cytochrome c oxidase subunit CcoN (EC 1.9.3.1) 0 cytochrome c oxidase cbb3-type subunit 1 
[Roseovarius lutimaris] 
SFN91878 97 0 
1940 242 Cytochrome c oxidase subunit CcoO (EC 1.9.3.1) 1 cytochrome c oxidase, cbb3-type subunit II 
[Roseovarius tolerans] 
WP_0506
61381 
96 2E-
174 
1941 65 Cytochrome c oxidase subunit CcoQ (EC 1.9.3.1) 0 cytochrome oxidase [Roseovarius tolerans] WP_0506
61382 
92 7E-36 
1942 288 Cytochrome c oxidase subunit CcoP (EC 1.9.3.1) 2 cytochrome c oxidase, cbb3-type subunit III 
[Roseovarius tolerans] 
WP_0506
61383 
95 0 
2199 386 Cytochrome c551 peroxidase (EC 1.11.1.5) 2 hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_0372
39456 
95 0 
2262 551 Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 0 cytochrome c oxidase subunit I [Roseovarius 
pacificus] 
WP_0730
35278 
91 0 
2296 243 Cytochrome c-type biogenesis protein CcdA 
(DsbD analog) 
0 cytochrome C biogenesis protein CcdA [Roseovarius 
sp. MCTG156(2b)] 
WP_0372
39782 
96 6E-
157 
2304 191 Cytochrome c-type biogenesis protein 
CcmG/DsbE, thiol:disulfide oxidoreductase 
0 disulfide bond formation protein DsbE [Roseivivax 
atlanticus] 
WP_0514
87970 
77 7E-99 
2305 160 Cytochrome c family protein 1 cytochrome c [Roseovarius sp. 217] WP_0098
19815 
89 5E-
100 
3148 221 similarity with cytochrome c-type biogenesis 
protein CcdA 
0 cytochrome C biogenesis protein CcdA [Roseovarius 
tolerans] 
WP_0506
62407 
98 2E-
148 
3336 132 Cytochrome c family protein 1 cytochrome c [Roseovarius tolerans] WP_0506
63050 
83 8E-74 
78 
3406 437 WD domain/cytochrome c family protein 1 cytochrome C [Roseovarius tolerans] WP_0747
85576 
94 0 
3499 359 membrane c-type cytochrome cy 2 cytochrome Cy [Roseovarius tolerans] WP_0747
85132 
83 0 
3585 459 D-Lactate dehydrogenase, cytochrome c-
dependent (EC 1.1.2.4) 
0 2-hydroxy-acid oxidase [Roseovarius tolerans] WP_0747
86012 
91 0 
3668 263 Cytochrome oxidase biogenesis protein 
Sco1/SenC/PrrC, putative copper 
metallochaperone 
0 hypothetical protein ROTO_00970 [Roseovarius 
tolerans] 
KNX43308 94 3E-
166 
3670 281 cytochrome c ? SCO family protein [Roseovarius tolerans] ROTO_00
990 
87 3E-
171 
3671 563 cytochrome c family protein, putative 1 hypothetical protein [Roseovarius tolerans] WP_0506
61064 
89 0 
3889 129 Cytochrome c2 1 cytochrome C [Roseovarius tolerans] WP_0747
86654 
98 4E-87 
3987 558 Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 0 cytochrome c oxidase subunit I [Roseovarius 
tolerans] 
WP_0506
61505 
99 0 
4053 179 Cytochrome c-type biogenesis protein 
CcmG/DsbE, thiol:disulfide oxidoreductase 
0 thiol:disulfide interchange protein [Roseovarius 
tolerans] 
WP_0747
86055 
93 5E-
118 
4054 53 Cytochrome c-type biogenesis protein CcmD, 
interacts with CcmCE 
0 hemagglutination activity protein [Roseovarius 
tolerans] 
WP_0506
61177 
92 1E-24 
4055 247 Cytochrome c-type biogenesis protein CcmC, 
putative heme lyase for CcmE 
0 transcriptional regulator [Roseovarius tolerans] WP_0506
61286 
97 5E-
172 
4056 219 ABC transporter involved in cytochrome c 
biogenesis, CcmB subunit 
0 heme exporter protein CcmB [Roseovarius tolerans] WP_0506
61176 
99 4E-
140 
4057 206 ABC transporter involved in cytochrome c 
biogenesis, ATPase component CcmA 
0 heme ABC exporter, ATP-binding protein CcmA 
[Roseovarius tolerans] 
WP_0747
86056 
95 9E-
134 
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4119 470 D-Lactate dehydrogenase, cytochrome c-
dependent (EC 1.1.2.4) 
0 2-hydroxy-acid oxidase [Donghicola sp. KarMa] WP_0727
06234 
72 0 
4136 124 Cytochrome c551 peroxidase (EC 1.11.1.5) 0 cytochrome C peroxidase [Roseovarius tolerans] WP_0747
84684 
83 1E-67 
4137 64 Cytochrome c551 peroxidase (EC 1.11.1.5) 0 cytochrome c peroxidase [Salinihabitans flavidus] SEO36504 78 3E-20 
4162 295 Cytochrome c oxidase polypeptide II (EC 1.9.3.1) 0 cytochrome c oxidase subunit II [Roseovarius 
tolerans] 
WP_0506
64210 
95 0 
4163 319 Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 0 protoheme IX farnesyltransferase [Roseovarius 
tolerans] 
WP_0506
64211 
95 0 
4166 267 Cytochrome c oxidase polypeptide III (EC 
1.9.3.1) 
0 cytochrome B562 [Roseovarius tolerans] WP_0506
64214 
97 0 
4201 517 Probable thiol oxidoreductase with 2 
cytochrome c heme-binding sites 
2 thiol oxidoreductase [Roseovarius sp. TM1035] WP_0082
81541 
85 0 
4259 191 Cytochrome c4 2 cytochrome c [Roseovarius tolerans] WP_0506
62951 
96 8E-
134 
4333 423 Sulfide dehydrogenase [flavocytochrome C] 
flavoprotein chain precursor (EC 1.8.2.-) 
0 flavocytochrome C [Roseovarius tolerans] WP_0747
86201 
96 0 
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Secretion system 
Gram-negative bacteria commonly possess complex transport systems to secrete 
proteins synthesized inside the cells into the extracellular environments. The draft genome of 
strain A-2 encoded a large number of bacterial secretion systems including type I, type II, type 
IV, and type V secretion systems (Tables 15, 16, and 17). Strain A-2 appears to develop a wide 
variety of secretion systems as specialized macromolecular nanomachines that secrete a broad 
range of compounds such as proteins, small molecules, and DNA. Based on SignalP analysis, 
most of 400 proteins secreted with signal peptide were found to be hypothetical proteins as 
well as ABC transporters, multicopper oxidases (but not IoxA), and tripartite tricarboxylate 
transporters (data not shown). 
  The type I secretion system of strain A-2 consisted of three proteins including outer 
membrane protein (TolC), hemolysin secretion protein (Hyl), and secretion target repeat 
protein (Table 15). The type II secretion system is also used to transport various proteins from 
the periplasmic space into the extracellular environments (Tanya et al., 2006).  A set of 12 
different proteins, named general secretion proteins (GspD, GspE, GspF, GspG, GspH, GspI, 
GspJ, GspK, GspL, GspM, GspN, and GspO), are involved in the type II secretion of strain A-
2 (Table 16). This is in line with Filloux et al., who revealed the type II system involves a set 
of 12-16 different proteins named GSPC-M, GspAB, GspN, GspO and GspS, and widely 
conserved in Gram-negative bacteria (Filloux, 2012). As shown in Figure 17, iox gene cluster 
of Iodidimonas sp. Q-1 flanked with a large number of gsp genes, while these genes were 
absent from iox gene clusters of strain A-2 and Roseovarius sp. 217. It is known that 
Iodidimonas sp. Q-1 produces much higher amount of iodide-oxidizing enzyme than 
Roseovarius sp. A-2 does (Shiroyama et al., 2015). This might due to gsp genes flanking with 
ioxA gene cluster in the genome of strain Q-1. Additionally, several proteins (TadC, TadA, 
TadZ, Cpa, Rcp, and Flp) involved in pilus assembly were detected in the draft genome of 
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strain A-2 together with those of the type IV secretion system (Table 17). The type IV secretion 
system in strain A-2 was composed of 9 proteins including VirB3, VirB4, VirB5, VirB6, VirB8, 
VirB9, VirB10, VirB11, and VirD4. This secretion system plays an important role in the 
virulence of some Gram-negative bacterial pathogens, by transporting various components 
among proteins and protein to DNA (Anja et al., 2004). The type IV secretion system family 
is also known to have distinct roles in conjugal transfer system or in the transit of virulence 
factors (Chen et al., 2012). Various pre-protein translocase subunits (SecA, SecB, SecC, SecD, 
SecE, SecG, and SecY) were also identified in the draft genome of strain A-2. These proteins 
are known to be involved in the type V secretion system. 
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Table 15. Genes involved in type I secretion system. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
143 119
5 
Type I secretion target repeat 
protein 
Bifunctional hemolysin/adenylate cyclase precursor 
[Roseovarius tolerans] 
KNX43186 82 0 
325 358 Type I secretion target repeat 
protein 
Hint domain-containing protein [Roseovarius 
tolerans] 
SEL92111 73 4E-142 
532 336 Type I secretion target repeat 
protein 
hypothetical protein ROTO_14370 [Roseovarius 
tolerans] 
KNX41969 93 0 
1273 470 Type I secretion outer membrane 
protein, TolC precursor 
transporter [Roseovarius tolerans] WP_050664111 84 0 
1639 238 Type I secretion target repeat 
protein 
Hemolysin-type calcium-binding repeat-containing 
protein [Roseovarius tolerans] 
SEM97106 75 2E-101 
1640 748 Type I secretion target repeat 
protein 
type I secretion protein [Roseovarius sp. 217] WP_009815600 72 0 
3218 327 HlyD family secretion protein HlyD family secretion protein [Roseovarius lutimaris] SFO18613 95 0 
3275 370 HlyD family secretion protein secretion protein HylD [Roseovarius tolerans] WP_050661616 88 0 
3366 580 Type I secretion system ATPase ATP-binding cassette, subfamily C                         
[Roseovarius lutimaris] 
SFO11082 79 0 
3367 422 Type I secretion membrane fusion 
protein, HlyD family 
type I secretion membrane fusion protein, HlyD 
family [Roseovarius mucosus DSM 17069] 
KGM88059 76 0 
4361 358 Type I secretion target repeat 
protein 
hypothetical protein [Roseovarius nubinhibens] WP_009812965 86 0 
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Table 16. Genes involved in type II secretion system. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
1873 404 General secretion pathway 
protein F  
general secretion pathway protein GspF [Roseovarius 
tolerans] 
WP_050661077 96 0 
1874 485 General secretion pathway 
protein E 
general secretion pathway protein GspE [Roseovarius 
tolerans] 
WP_050661076   
1875 652 General secretion pathway 
protein D 
type II secretion system protein GspD [Roseovarius 
tolerans] 
WP_050661075 91 0 
3672 248 General secretion pathway 
protein O 
prepilin peptidase [Roseovarius tolerans] WP_050661065 85 1E-127 
3673 133 General secretion pathway 
protein G 
type II secretion system protein GspG [Roseovarius 
tolerans] 
WP_050661066 96 4E-88 
3674 163 General secretion pathway 
protein H 
putative type II secretion system protein H precursor 
[Roseovarius tolerans] 
KNX43314 88 7E-98 
3675 124 General secretion pathway 
protein I 
prepilin-type cleavage/methylation domain-containing 
protein [Roseovarius tolerans] 
WP_050661068 94 1E-75 
3676 206 General secretion pathway 
protein J 
prepilin-type cleavage/methylation domain-containing 
protein [Roseovarius tolerans] 
WP_050661069 86 3E-113 
3677 308 General secretion pathway 
protein K 
hypothetical protein [Roseovarius tolerans] WP_050661070 86 0 
3678 400 General secretion pathway 
protein L 
hypothetical protein [Roseovarius tolerans] WP_050661071 83 0 
3679 172 General secretion pathway 
protein M 
hypothetical protein [Roseovarius tolerans] WP_050661072 92 3E-85 
3980 256 General secretion pathway 
protein N 
hypothetical protein [Roseovarius tolerans] WP_050661073 60 9E-95 
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4148 328 Type II/IV secretion system 
protein TadC, associated with Flp 
pilus assembly 
pilus assembly protein TadC [Roseovarius sp. TM1035] WP_008279130 79 0 
4150 480 Type II/IV secretion system ATP 
hydrolase TadA/VirB11/CpaF, 
TadA subfamily 
type II secretion system protein E [Roseovarius tolerans] WP_050664006 92 0 
4151 408 Type II/IV secretion system 
ATPase TadZ/CpaE, associated 
with Flp pilus assembly 
pilus assembly protein CpaE [Roseovarius tolerans] WP_074787753 85 0 
4153 478 Type II/IV secretion system 
secretin RcpA/CpaC, associated 
with Flp pilus assembly 
pilus assembly protein CpaC [Roseovarius azorensis] SEK23936 81 0 
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Table 17. Genes involved in type IV secretion system. 
Feature 
ID 
A.A
. 
Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
1554 342 Integral inner membrane protein of type IV 
secretion complex (VirB6) 
conjugal transfer protein TrbL [Roseovarius 
atlanticus] 
WP_057796676 98 0 
1555 345 ATPase provides energy for both assembly 
of type IV secretion complex and secretion 
of T-DNA complex (VirB11) 
type IV secretion system protein B11                              
[Maritimibacter alkaliphilus] 
WP_008336083 99 0 
1556 340 Inner membrane protein forms channel for 
type IV secretion of T-DNA complex 
(VirB10) 
conjugal transfer protein [Defluviimonas alba] WP_066818911 99 0 
1572 313 Inner membrane protein of type IV 
secretion of T-DNA complex, VirB6 
type IV secretion system protein VirB6                             
[Citreicella thiooxidans] 
SDF58732 91 0 
1917 550 Type IV secretion system protein VirD4 type IV secretion system protein VirD4 [Ruegeria 
mobilis] 
SDY09427 95 0 
2203 333 ATPase required for both assembly of type 
IV secretion complex and secretion of T-
DNA complex, VirB11 
P-type DNA transfer ATPase VirB11            
[Phaeobacter sp. P97] 
APG49299 95 0 
2204 486 Inner membrane protein forms channel for 
type IV secretion of T-DNA complex  
(VirB10) 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_051922113 96 0 
2205 244 Outer membrane and periplasm 
component of type IV secretion of T-DNA 
complex, has secretin-like domain, VirB9 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_037239469 98 9E-171 
2206 215 Inner membrane protein forms channel for 
type IV secretion of T-DNA  complex, VirB8 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_051922114 100 7E-153 
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2207 334 Inner membrane protein of type IV 
secretion of T-DNA complex, VirB6 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_037239476 92 0 
2209 242 Minor pilin of type IV secretion complex, 
VirB5 
hypothetical protein [Roseovarius sp. 
MCTG156(2b)] 
WP_051922115 97 9E-164 
2211 768 ATPase required for both assembly of type 
IV secretion complex and secretion of T-
DNA complex, VirB4 
hypothetical protein [Phaeobacter sp. P97] WP_072506897 95 0 
2212 92 Inner membrane protein forms channel for 
type IV secretion of T-DNA  complex, VirB3 
hypothetical protein [Phaeobacter sp. S60] WP_040179843 95 2E-54 
2213 95 Major pilus subunit of type IV secretion 
complex, VirB2 
hypothetical protein                                    
[Rhodobacteraceae bacterium O3.65] 
WP_068247354 90 2E-44 
4007 273 Integral inner membrane protein of type IV 
secretion complex (VirB6) 
conjugal transfer protein TrbL                                
[Puniceibacterium sp. IMCC21224] 
WP_047997728 99 0 
4148 328 Type II/IV secretion system protein TadC, 
associated with Flp pilus assembly 
pilus assembly protein TadC [Roseovarius sp. 
TM1035] 
WP_008279130 79 0 
4150 480 Type II/IV secretion system ATP hydrolase 
TadA/VirB11/CpaF, TadA  subfamily 
type II secretion system protein E [Roseovarius 
tolerans] 
WP_050664006 92 0 
4151 408 Type II/IV secretion system ATPase 
TadZ/CpaE, associated with Flp pilus 
assembly 
pilus assembly protein CpaE [Roseovarius tolerans] WP_074787753 85 0 
4153 478 Type II/IV secretion system secretin 
RcpA/CpaC, associated with Flp pilus 
assembly 
pilus assembly protein CpaC [Roseovarius 
azorensis] 
SEK23936 81 0 
4544 94 Major pilus subunit of type IV secretion 
complex, VirB2 
type IV secretion system protein VirB2                     
[Ruegeria marina] 
SDE54684 98 4E-58 
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4545 68 Inner membrane protein forms channel for 
type IV secretion of T-DNA   complex, 
VirB3 
type IV secretory pathway, VirB3-like protein                
[Oceanibulbus indolifex HEL-45] 
EDQ03847 99 2E-40 
4546 750 ATPase provides energy for both assembly 
of type IV secretion complex and secretion 
of T-DNA complex (VirB4) 
type IV secretion system protein B4                     
[Sulfitobacter geojensis] 
WP_064225008 96 0 
4548 214 Minor pilin of type IV secretion complex, 
VirB5 
hypothetical protein [Pseudophaeobacter arcticus] WP_027238820 100 2E-146 
4550 338 Integral inner membrane protein of type IV 
secretion complex (VirB6) 
conjugal transfer protein TrbL                                   
[Rhodobacteraceae bacterium O3.65] 
WP_068248333 98 0E+00 
4551 221 Inner membrane protein forms channel for 
type IV secretion of T-DNA complex, VirB8 
VirB8 type IV secretion protein                                  
[Maritimibacter alkaliphilus] 
WP_040885920 98 7E-157 
4552 241 Forms the bulk of type IV secretion 
complex that spans outer membrane and 
periplasm (VirB9) 
conjugal transfer protein TrbG                                   
[Nitratireductor aquibiodomus] 
WP_065818625 98 8E-175 
4553 476 Inner membrane protein of type IV 
secretion of T-DNA complex, TonB-
like,VirB10 
type IV secretion system protein B10                     
[Pseudorhodobacter wandonensis] 
WP_050524075 97 0 
4554 330 ATPase required for both assembly of type 
IV secretion complex and      secretion of T-
DNA complex, VirB11 
type II secretion system protein E                           
[Rhodobacteraceae bacterium O3.65] 
WP_068248342 99 0 
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Nitrogen metabolism 
The draft genome contained both assimilatory nitrate reductase (narA) and 
dissimilatory (respiratory) nitrate reductase (nar) gene cluster (Table 18).  The nar gene cluster 
consisted of narG (respiratory nitrate reductase alpha chain), narH (beta chain), narI (gamma 
chain), and narJ (delta chain). The presence of nar genes suggests the possibility that strain A-
2 can utilize nitrate as an altanative electron acceptor for anaerobic respiration, when oxygen 
availability was restricted under certain circumstances. However, it may not be a denitrifying 
bacterium, since the draft genome contained neither genes for nitrite reductase (nir) nor nitrous 
oxide reductase (nos). In addition, no nitrogen fixing genes (nif) could be detected. Multiple 
genes encoding glutamate synthase large and small chains that catalyze the chemical reaction 
for L-glutamate and NADP+ to form L-glutamine, 2-oxoglutarate, and NADPH were detected. 
Other genes endoding NAD-specific glutamate dehydrogenase, which degrades glutamate to 
ammonia and 2-oxoglutarate, were also detected in the draft genome. 
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Table 18. Genes involved in nitrogen metabolism. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
215 74 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050663442 90 2E-40 
351 473 Glutamate synthase [NADPH] small chain (EC 
1.4.1.13) 
dihydropyrimidine dehydrogenase [Roseovarius 
tolerans] 
WP_050661304 97 0 
352 1511 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
glutamate synthase [Roseovarius tolerans] WP_050661420 98 0 
417 822 Assimilatory nitrate reductase large subunit 
(EC:1.7.99.4) (NaRas) 
arsenite oxidase large subunit                   
[Puniceibacterium sp. IMCC21224] 
WP_047997436 85 0 
580 204 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hydrolase [Roseovarius tolerans] WP_050661098 90 2E-129 
690 179 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
thioredoxin peroxidase [Sulfitobacter pontiacus] WP_064216953 75 4E-97 
780 364 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein ROTO_13070 [Roseovarius 
tolerans] 
KNX42104 88 0 
828 433 Probable aminomethyltransferase (EC 2.1.2.10) glycine cleavage system protein T [Roseovarius 
tolerans] 
WP_050662662 96 0 
883 224 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
methylase [Roseovarius tolerans] WP_050662934 84 1E-118 
946 977 NAD-specific glutamate dehydrogenase (EC 
1.4.1.2); NADP-specific glutamate                                                                                               
dehydrogenase (EC 1.4.1.4) 
glutamate dehydrogenase [Roseovarius tolerans] WP_050661235 98 0 
946 977 NAD-specific glutamate dehydrogenase (EC 
1.4.1.2 NADP-specific glutamate); 
dehydrogenase (EC 1.4.1.4) 
glutamate dehydrogenase [Roseovarius tolerans] WP_050661235 98 0 
966 101 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein ROTO_16540             
[Roseovarius tolerans] 
KNX41809 92 3E-60 
1031 375 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein ROTO_08160             
[Roseovarius tolerans] 
KNX42514 86 0 
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1441 513 Histidine ammonia-lyase (EC 4.3.1.3) histidine ammonia-lyase [Thioclava indica] WP_038129068 93 0 
1689 206 Carbonic anhydrase (EC 4.2.1.1) carbonic anhydrase [Aestuariivita boseongensis] WP_050930779 83 5E-123 
1692 262 Respiratory nitrate reductase gamma chain (EC 
1.7.99.4) (NarI) 
nitrate reductase gamma subunit            
[Rhodobacteraceae bacterium HL-91] 
CUX79913 90 1E-171 
1693 234 Respiratory nitrate reductase delta chain (EC 
1.7.99.4) (NarJ) 
nitrate reductase, delta subunit [Citreicella sp. 
357] 
EIE50345 79 3E-128 
1694 481 Respiratory nitrate reductase beta chain (EC 
1.7.99.4) (NarH) 
respiratory nitrate reductase beta subunit                                 
[Rhodobacteraceae bacterium HL-91] 
CUX79911 96 0 
1695 1249 Respiratory nitrate reductase alpha chain (EC 
1.7.99.4) (NarG) 
nitrate reductase subunit alpha [Citreicella sp. 
357] 
WP_009505382 94 0 
1821 469 Glutamine synthetase type I (EC 6.3.1.2) type I glutamate--ammonia ligase [Roseovarius 
tolerans] 
WP_050662766 99 0 
1983 217 Carbonic anhydrase (EC 4.2.1.1) carbonic anhydrase [Roseovarius tolerans] WP_050664035 98 2E-157 
1988 251 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050661710 68 8E-113 
2172 99 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Sulfitobacter sp. NAS-14.1] WP_009827198 100 5E-65 
2251 176 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
thioredoxin peroxidase [Sediminimonas 
qiaohouensis] 
WP_026756226 62 2E-77 
2682 313 Glutaminase (EC 3.5.1.2) glutaminase [Roseovarius tolerans] WP_050663573 95 0 
3026 498 Ferredoxin-dependent glutamate synthase (EC 
1.4.7.1) 
FMN-binding glutamate synthase family protein 
[Roseovarius tolerans] 
WP_050663996 97 0 
3271 530 Ferredoxin-dependent glutamate synthase (EC 
1.4.7.1) 
Glutamate synthase (NADPH) large chain        
[Roseovarius tolerans] 
 KNX39808   95 0 
3419 556 NAD synthetase (EC 6.3.1.5); Glutamine 
amidotransferase chain of NAD synthetase 
Glutamine-dependent NAD(+) synthetase       
[Roseovarius tolerans] 
KNX40845 93 0 
3430 378 Aminomethyltransferase (glycine cleavage 
system T protein)  (EC 2.1.2.10) 
glycine cleavage system aminomethyltransferase 
T [Roseovarius tolerans] 
WP_050663474 93 0 
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3639 356 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050662866 87 0 
3838 86 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050663372 98 3E-53 
3843 415 D-amino acid dehydrogenase small subunit (EC 
1.4.99.1) 
D-amino acid dehydrogenase small subunit     
[Roseovarius tolerans] 
KNX40969 95 0 
4042 111 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050662492 98 4E-72 
4293 325 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hemolysin-type calcium-binding protein           
[Roseovarius tolerans] 
WP_050661698 90 0 
4401 476 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
nodulation protein NodH [Roseovarius tolerans] WP_050663657 94 0 
4464 273 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Roseovarius tolerans] WP_050661326 96 0 
4592 127 Glutamate synthase [NADPH] large chain (EC 
1.4.1.13) 
hypothetical protein [Puniceibacterium sp. 
IMCC21224] 
WP_047998374 92 9E-81 
4629 445 D-amino acid dehydrogenase small subunit (EC 
1.4.99.1) 
FAD-binding oxidoreductase [Nisaea 
denitrificans] 
WP_028466990 55 2E-160 
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Photosynthetic gene cluster 
 In the genomes of several Roseovarius spp. and that of Iodidimonas sp. Q-1, large 
coherent photosynthetic gene clusters comprising genes for bacteriochlorophyll (bch) and 
carotenoid (crt) synthesis, a photosynthetic reaction center (puf), and a light harvesting antenna 
complex have been found (Ehara et al., 2014; Riedel et al., 2015; Voget et al., 2015). However, 
in the genome of strain A-2, there was no such photosynthetic gene cluster, except for bchP 
gene encoding geranylgeranyl hydrogenase (feature ID 1326) and ppaA gene encoding a heme-
binding regulator for photosystem formation (feature ID 1328). These results suggest that strain 
A-2 has lost its photosynthetic gene cluster during the evolution, and that it cannot use light as 
additional energy source, as has been observed in many aerobic anoxygenic phototrophic 
bacteria including marine Roseobacter clade (Yurkov and Beatty, 1998; Zheng et al., 2011). 
 
Hydrogen metabolism 
 A large cluster of genes involved in the production of a [NiFe] uptake-type hydrogenase 
was detected in the draft genome of strain A-2 (Table 19). Considering the fact that hydrogen 
is routinely produced by nitrogen-fixing cyanobacteria as a by-product of nitrogenase in 
surface seawater (Scranton et al., 1987) and possibly in brine water, strain A-2 may use this 
reduced inorganic gas (H2) for lithoheterotrophic growth as an additional energy source to 
overcome the lack of organic carbon sources and electron donors in marine environments. 
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Table 19. Gene cluster encoding hydrogenase in the draft genome of strain A-2. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
3166  Hydrogenase transcriptional regulatory protein 
HoxA 
sigma-54-dependent Fis family transcriptional 
regulator [Roseovarius sp. A-2] 
WP_080456760 99 0 
3168  Uptake hydrogenase small subunit precursor 
(EC 1.12.99.6) 
hydrogenase [Roseovarius sp. A-2] WP_080456762 100 0 
3169  Uptake hydrogenase large subunit (EC 
1.12.99.6) 
cytochrome-c3 hydrogenase [Roseovarius sp. 
A-2] 
WP_080456763 100 0 
3172  hydrogenase maturation protease hydrogenase maturation protease 
[Roseovarius sp. A-2] 
WP_080456874 100 1E-110 
3179  [NiFe] hydrogenase metallocenter assembly 
protein HypF 
carbamoyltransferase HypF [Roseovarius sp. 
A-2] 
WP_080456771 100 0 
3180  [NiFe] hydrogenase metallocenter assembly 
protein HypC 
hypothetical protein [Roseovarius sp. A-2] WP_080456772 100 8E-62 
3181  [NiFe] hydrogenase metallocenter assembly 
protein HypD 
hydrogenase formation protein HypD 
[Roseovarius sp. A-2] 
WP_080456773 100 0 
3182  [NiFe] hydrogenase metallocenter assembly 
protein HypE 
hydrogenase expression/formation protein 
HypE [Roseovarius sp. A-2] 
WP_080456774 100 0 
3185  [NiFe] hydrogenase nickel incorporation-
associated protein HypB 
hydrogenase accessory protein HypB 
[Roseovarius sp. A-2] 
WP_080456777 100 0 
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Carbon monoxide metabolism 
 The draft genome of strain A-2 had two distinct carbon monoxide dehydrogenase 
(CODH) gene clusters, both of which contain different coxL genes (Table 20). The coxL 
encodes the large catalytic subunit of CODH, and previous studies have identified two types 
of gene clusters; form I and form II. The form I CODH is also known as definitive CODH and 
is well characterized in the classic carboxydotrophs such as Oligotropha carboxidovorans and 
Pseudomonas carboxydohydrogena (Meyer and Schlegel, 1983; King and Weber, 2007). In 
contrast, form II CODH is a putative CODH, and its function is still largely unclear. Cunliffe 
reported that both types of CODH are distributed unevenly in the genomes of marine 
Roseobacter clade, and that bacterial strains with both coxL forms actually oxidize CO 
(Cunliffe, 2011). Since strain A-2 also possessed both form I (coxCMSLDEF) and form II 
(coxMLSFED) CODH, it is possible that the strain is actually able to oxidize CO, that is formed 
by photolysis of dissolved organic matter (Zuo and Jones, 1995), to form CO2 and reducing 
equivalents. 
CO + H2O  CO2 + 2H+ + 2e- 
However, it is unlikely that strain A-2 assimilates CO2 as a carbon source, since it lacks any 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) gene homologues (data not 
shown). Thus, strain A-2 may be a kind of carboxydovores, a type of chemolithoheterotroph, 
growing heterotrophically and using CO as a potential supplementary energy source (Cunliffe, 
2011). 
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Table 20. Gene clusters encoding carbon monoxide dehydrogenase in the draft genome of strain A-2. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
1879  Carbon monoxide dehydrogenase medium 
chain (EC 1.2.99.2) 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080458063 100 0 
1880  Carbon-monoxide dehydrogenase form II, large 
subunit (EC 1.2.99.2) 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080458064 
 
100 0 
1881  Carbon monoxide dehydrogenase small chain 
(EC 1.2.99.2) 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080458065 
 
100 4E-115 
1882  Molybdopterin biosynthesis protein MoeA molybdopterin biosynthesis protein 
[Roseovarius sp. A-2] 
WP_080458066 
 
100 0 
1883  Carbon monoxide dehydrogenase F protein XdhC/CoxI family protein [Roseovarius sp. A-
2] 
WP_080458067 
 
100 0 
1884  Carbon monoxide dehydrogenase E protein VWA domain-containing protein [Roseovarius 
sp. A-2] 
WP_080458068 
 
100 0 
1885  Carbon monoxide dehydrogenase D protein AAA domain [Roseovarius sp. A-2] GAW36240 
 
100 0 
2000  Carbon monoxide dehydrogenase G protein carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080456278 
 
100 3E-116 
3957  Carbon monoxide dehydrogenase operon C 
protein 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080455484 100 0 
3958  Carbon monoxide dehydrogenase medium 
chain (EC 1.2.99.2) 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080455485 
 
100 0 
3959  Carbon monoxide dehydrogenase small chain 
(EC 1.2.99.2) 
carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080455486 
 
100 1E-117 
 
3960  Carbon monoxide dehydrogenase large chain 
(EC 1.2.99.2) 
carbon-monoxide dehydrogenase large 
subunit [Roseovarius sp. A-2] 
WP_080455487 
 
100 0 
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3961  Carbon monoxide dehydrogenase D protein ATPase [Roseovarius sp. A-2] WP_080455488 
 
100 0 
3962  Carbon monoxide dehydrogenase E protein carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080455489 
 
100 0 
3963  Carbon monoxide dehydrogenase F protein carbon monoxide dehydrogenase 
[Roseovarius sp. A-2] 
WP_080455490 
 
100 0 
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Reduced sulfur metabolism 
 In most representatives of the marine Roseobacter clade, oxidation of reduced inorganic 
sulfur species (hydrogen sulfide, sulfur, thiosulfate, and sulfite) to sulfate is catalyzed by the 
periplasmic Sox multienzyme complex (Friedrich et al., 2005), which is previously found to 
allow the generation of additional energy for mixotrophic growth in Silicibacter pomeroyi 
(Moran et al., 2004). A large set of sox genes (soxTRSVWXYZABCDEF) encoding almost all 
proteins of a functional Sox multienzyme complex was found in the draft genome of strain A-
2 (Table 21). Thus, it is possible that strain A-2 is able to use reduced sulfur species as a 
potential supplementary energy source in addition to H2 and CO. 
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Table 21. Gene cluster encoding SOX multienzyme complex in the draft genome of strain A-2. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
4320  Lipocalin-related protein and Bos/Can/Equ 
allergen SoxT 
YeeE/YedE family protein [Roseovarius sp. A-
2] 
WP_080456182 
 
100 0 
 
4321  Transcriptional regulator SoxR transcriptional regulator [Roseovarius sp. A-2] WP_080456183 
 
100 1E-70 
 
4322  Regulatory protein SoxS hypothetical protein [Roseovarius sp. A-2] 
 
WP_080456184 
 
100 1E-84 
 
4323  Sulfur oxidation V protein cytochrome C biogenesis protein CcdA 
[Roseovarius sp. A-2] 
WP_080456185 
 
100 2E-166 
 
4324  Thioredoxin SoxW thioredoxin [Roseovarius sp. A-2] 
 
WP_080456186 
 
100 7E-137 
 
4325  Sulfur oxidation protein SoxX sulfur oxidation c-type cytochrome SoxX 
[Roseovarius sp. A-2] 
WP_080456187 
 
100 2E-110 
 
4326  Sulfur oxidation protein SoxY thiosulfate oxidation carrier protein SoxY 
[Roseovarius sp. A-2] 
WP_080456188 
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6E-85 
 
4327  Sulfur oxidation protein SoxZ thiosulfate oxidation carrier complex protein 
SoxZ [Roseovarius sp. A-2] 
WP_080456189 
 
100 1E-75 
 
4328  Sulfur oxidation protein SoxA sulfur oxidation c-type cytochrome SoxA 
[Roseovarius sp. A-2] 
WP_080456190 
 
100 0 
 
4329  Sulfur oxidation protein SoxB thiosulfohydrolase SoxB [Roseovarius sp. A-2] WP_080456191 
 
100 0 
 
4330  Sulfur oxidation molybdopterin C protein SoxC sulfite dehydrogenase [Roseovarius sp. A-2] 
 
WP_080456192 
 
100 0 
 
4331  Sulfite dehydrogenase cytochrome subunit 
SoxD 
MFS transporter [Roseovarius sp. A-2] 
 
WP_080456193 
 
100 0 
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4332  Sulfite dehydrogenase cytochrome subunit 
SoxE 
cytochrome C [Roseovarius sp. A-2] 
 
WP_080456194 
 
100 3E-171 
 
4333  Sulfide dehydrogenase [flavocytochrome C] 
flavoprotein chain precursor (EC 1.8.2.-) SoxF 
flavocytochrome C [Roseovarius sp. A-2] 
 
WP_080456195 
 
100 0 
 
4334  FIG01028345: hypothetical protein DUF302 domain-containing protein 
[Roseovarius sp. A-2] 
WP_080456196 
 
100 2E-99 
 
4335  Lipocalin-related protein and Bos/Can/Equ 
allergen 
lipocalin [Roseovarius sp. A-2] 
 
WP_080456197 
 
100 0 
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DMSP metabolism 
 Dimethylsulfoniopropionate (DMSP) is a metabolite produced by marine 
phytoplanktons, and is a compatible solute that can reach high intercellular concentrations. Its 
main function in phytoplanktons seems to be osmoregulation. Intercellular DMSP can be 
released outside of the cells by means of leakage, senescence, and lysis of the planktonic cells. 
Certain marine bacteria can utilize DMSP as reduced carbon and sulfur sources through 
demethylation or cleavage pathway (Reisch et al., 2011). The draft genome of strain A-2 is 
found to encode key genes of both routes (Table 22). In the demethylation pathway, DMSP is 
first demethylated by DMSP demethylase (DmdA) to form methylmercaptopropionate 
(MMPA). The metabolism of MMPA is performed by a series of three coenzyme-A mediated 
reactions catalyzed by DmdB (MMPA-CoA ligase), DmdC (MMPA-CoA dehydrogenase), and 
DmdD (methylthioacryloyl-CoA hydratase). Among these, strain A-2 possessed genes 
encoding DmdA, DmdB, and DmdC, suggesting that it can transform DMSP to 
methylthioacryloyl-CoA (MTA-CoA). Further transformation of MTA-CoA to acetaldehyde 
and methanethiol may be catalyzed by other marine bacteria having dmdD gene, or by strain 
A-2 itself by means of an undefined enzyme with DmdD activity. Acetaldehyde and 
methanethiol are finally assimilated as carbon (acetate) and sulfur (methionine) sources by 
means of enzymes acetaldehyde dehydrogenase and cystathionine--synthase, respectively, 
both of which are encoded by the draft genome of strain A-2. In DMSP cleavage pathway, 
DMSP is first attacked by DMSP-cleavage enzyme (DddD) to form dimethyl sulfide (DMS) 
and 3-hydroxypropionate. Since strain A-2 did not have any genes encoding DMS-
metabolizing enzyme, it may release climatically active gas DMS into the atmosphere when 
catabolizing DMSP by the cleavage pathway. DMS is the primary natural source of sulfur to 
the atmosphere, and subsequent oxidation of DMS will produce cloud condensation nuclei 
(Hatakeyama et al., 1982). 
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Table 22. Genes involved in DMSP metabolism in the draft genome of strain A-2. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
37  3-methylmercaptopropionyl-CoA ligase (DmdB) acyl-CoA synthetase [Roseovarius sp. A-2] 
 
WP_080458508 
 
100 0 
 
260  Methionine synthase I, cobalamin-binding 
domain 
carboxylesterase [Roseovarius sp. A-2] 
 
WP_080457038 
 
100 9E-131 
 
1108  DMSP demethylase (DmdA) (EC 2.1.2.10) dimethylsulfoniopropionate demethylase 
[Roseovarius sp. A-2] 
WP_080455754 
 
100 0 
 
1110  FIG098787: protein involved in DMSP 
breakdown 
hypothetical protein [Roseovarius sp. A-2] 
 
WP_080455752 
 
100 2E-153 
 
1111  Transmembrane protein involved in DMSP 
breakdown 
hypothetical protein RA2_00863 [Roseovarius 
sp. A-2] 
GAW33818 
 
100 2E-175 
 
1112  DMSP demethylase transcriptional regulator GntR family transcriptional regulator 
[Roseovarius sp. A-2] 
WP_080455751 
 
100 8E-178 
 
1470  Dimethylsulfoniopropionate (DMSP) acyl CoA 
transferase DddD 
carnitine dehydratase [Roseovarius sp. A-2] 
 
WP_080457686 
 
100 0 
2526  Acetaldehyde dehydrogenase, acetylating, (EC 
1.2.1.10) 
acetaldehyde dehydrogenase (acetylating) 
[Roseovarius sp. A-2] 
WP_080458839 
 
100 0 
3947  3-methylmercaptopropionyl-CoA 
dehydrogenase (DmdC) 
acetaldehyde dehydrogenase (acetylating) 
[Roseovarius sp. A-2] 
WP_080455578 
 
100 0 
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Cell motility  
The genome encoded 32 proteins potentially involved in flagellar motility (Table 23) 
but only two methyl chemotaxis proteins (Table 24). A nearly complete set of genes for the 
flagellar system (flg, fli and mot) indicates that this bacterium may use flagellum to facilitate 
its movement towards nutrient rich area. These flagellar gene clusters include the motAB gene 
encoding a flagellar motor protein for motility, by which the bacterium can turn clockwise or 
counterclockwise. fliG and fliN, both of which form the rotor-mounted switch complex (C ring) 
located at the base of the basal body, were also detected. Various flg genes, which form a 
flagellar basal body rot protein for structural component of flagellum, were also detected. The 
presence of those genes leads to assumption that strain A-2 is able to perform locomotion as a 
free-living bacterium in brine and marine environments. However, very few genes with strong 
homology to known chemotaxis proteins or methyl-accepting chemotaxis transducers suggest 
that strain A-2 is mobile but not chemotactic or that chemotaxis occurs by undefined 
mechanism. 
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Table 23. Genes involved in flagellar biosynthesis. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
655 451 Flagellum-specific ATP synthase FliI flagellum-specific ATP synthase [Roseovarius sp. A-2] GAW36416 100 0 
656 129 Flagellar basal-body rod protein FlgB flagellar basal body rod protein FlgB [Roseovarius sp. A-2] GAW36415 100 2E-87 
657 131 Flagellar basal-body rod protein FlgC flagellar basal-body rod protein FlgC [Roseovarius sp. A-2] GAW36414 100 2E-90 
658 93 Flagellar hook-basal body complex 
protein FliE 
flagellar hook-basal body protein FliE [Roseovarius sp. A-2] GAW36413 100 2E-57 
659 90 Flagellar biosynthesis protein FliQ flagellar biosynthetic protein FliQ [Roseovarius sp. A-2] GAW36412 100 3E-53 
660 238 Flagellar basal-body rod protein FlgG flagellar basal-body rod protein FlgF [Roseovarius sp. A-2] GAW36411 100 2E-167 
661 262 Flagellar basal-body rod protein FlgG flagellar basal-body rod protein FlgG [Roseovarius sp. A-2] GAW36410 100 0E+00 
662 135 Flagellar basal-body P-ring formation 
protein FlgA 
flagellar basal body P-ring biosynthesis protein FlgA 
[Roseovarius sp. A-2] 
GAW36409 99 7E-88 
663 243 Flagellar L-ring protein FlgH flagellar L-ring protein precursor [Roseovarius sp. A-2] GAW36408 100 8E-174 
666 365 Flagellar biosynthesis protein FlhB flagellar biosynthetic protein FlhB [Roseovarius sp. A-2] GAW36405 100 0 
667 258 Flagellar biosynthesis protein FliR flagellar biosynthesis protein FliR [Roseovarius sp. A-2] GAW36404 100 2E-173 
668 695 Flagellar biosynthesis protein FlhA flagellar biosynthesis protein FlhA [Roseovarius sp. A-2] GAW36403 100 0 
671 290 Flagellar motor rotation protein MotA motility protein A [Roseovarius sp. A-2] GAW36400 100 0 
672 202 Flagellar protein FlbB hypothetical protein RA2_03469 [Roseovarius sp. A-2] GAW36399 100 2E-136 
674 167 flagellar basal body-associated protein 
FliL 
flagellar FliL protein [Roseovarius sp. A-2] GAW36397 100 6E-114 
675 525 Flagellar M-ring protein FliF flagellar M-ring protein [Roseovarius sp. A-2] GAW36396 100 0 
676 196 ABC transporter, ATP-binding protein, 
flagellar 
hypothetical protein RA2_03465 [Roseovarius sp. A-2] GAW36395 100 1E-137 
677 101 Flagellar motor switch protein FliN flagellar motor switch protein [Roseovarius sp. A-2] GAW36394 100 6E-64 
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678 246 Flagellar biosynthesis protein FliP flagellar biosynthetic protein FliP precursor [Roseovarius 
sp. A-2] 
GAW36393 100 5E-169 
1200 336 Flagellar motor switch protein surface presentation of antigens [Roseovarius sp. A-2] GAW33732 100 0 
1254 661 Flagellar motor rotation protein MotB motility protein B [Roseovarius sp. A-2] GAW33682 100 0 
2006 357 Flagellar motor switch protein FliG flagellar motor switch protein FliG [Roseovarius sp. A-2] GAW34383 100 0 
2942 229 Flagellar basal-body rod modification 
protein FlgD 
basal-body rod modification protein FlgD [Roseovarius sp. 
A-2] 
GAW34497 100 3E-160 
2943 527 Flagellar hook-length control protein flagellar hook-length control protein FliK [Roseovarius sp. 
A-2] 
GAW34496 100 1E-151 
2944 76 flagellar protein FlgJ, putative flagellar rod assembly protein/muramidase FlgJ 
[Roseovarius sp. A-2] 
GAW34494 99 4E-44 
2947 125 flagellar protein FlaF flagellar biosynthesis regulatory protein FlaF [Roseovarius 
sp. A-2] 
GAW34491 100 1E-82 
2948 136 Flagellar basal-body rod modification 
protein FlgD 
flagellar biosynthesis repressor FlbT [Roseovarius sp. A-2] GAW34490 100 3E-90 
2949 268 Flagellar basal-body rod protein FlgF hypothetical protein RA2_01538 [Roseovarius sp. A-2] GAW34489 100 0 
4107 125 flagellar protein FlaF flagellar P-ring protein precursor [Roseovarius sp. A-2] GAW34069 100 0 
4108 336 Flagellar hook-associated protein FlgL flagellar hook-associated protein FlgL [Roseovarius sp. A-2] GAW34070 100 0 
4109 480 Flagellar hook-associated protein FlgK flagellar hook-associated protein 1 [Roseovarius sp. A-2] GAW34071 100 0 
4110 449 Flagellar hook protein FlgE flagellar hook protein FlgE [Roseovarius sp. A-2] GAW34072 100 0 
4111 283 Flagellar motor rotation protein MotB chemotaxis protein LafU [Roseovarius sp. A-2] GAW34073 100 0 
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Table 24. Genes involved in chemotaxis. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
567 876 Methyl-accepting chemotaxis protein hypothetical protein RA2_03008 [Roseovarius sp. A-2] GAW35940 100 0 
4437 112 Chemotaxis protein histidine kinase and 
related kinases 
hpt domain protein [Roseovarius sp. A-2] GAW35762 100 4E-72 
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ABC transporters 
At least 185 ABC transporter genes were predicted, including those involved in amino 
acids (hisM, hisMQ, hisP, and hisQ) (Table 25), peptides (oppA) (Table 26), metals (modA, 
cbtL, sitA, sitB, sitC, and sitD) (Table 27), phosphonate (phnE1 and phnE2) and urea (Table 
28), polyamines (potB, potC, potD, potF, and proX) (Table 29), sugar alcohols (ugpA, ugpC, 
and ugpE) (Table 30), and vitamin B12 (btuC, btuD, and btuF) (Table 31) transport. High 
numbers of amino acids transporters (32) (Table 25) and peptides transporters (40) (Table 26) 
suggest that proteins or their degraded compounds (peptides and amino acids) are an important 
carbon source for strain A-2. Considering the possibility that iodide-oxidizing bacteria attack 
other bacteria with I2 to occupy their ecological niche in iodide-rich environments (Fig. 7), one 
of their major carbon sources might be dead-cells of the competitive bacteria. It is also 
noteworthy that strain A-2 had large numbers of phosphonate transporters (10) (Table 28) and 
spermidine/putrescine transporters (10) (Table 29). Phosphonate is a group of 
organophosphorus compounds, and naturally occurs in living cells of bacteria, fungi, and 
insects. Thus, it may be possible that strain A-2 intakes this important phosphate source after 
competitive bacteria are killed by I2, since phosphate in nature is usually very scarce and thus 
a limiting factor for growth of many bacteria. In contrast, spermidine and putrescine are 
produced in marine phytoplanktons to regulate cell proliferation and bloom formation (Chan 
et al., 2002). Although phytoplanktons are not present in brine water environments, iodide-
oxidizing bacteria not only inhabit in brine water but also in surface seawater (Fig. 6). Thus, it 
is not surprising if they utilize algal osmolytes for carbon sources, since most of marine 
environments deplete of organic nutrients, so that the utilization of alternative carbon sources 
is an important part of bacterial survival strategies in marine surface waters. 
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Table 25. Genes encoding ABC transporters for amino acid uptake. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
145 269 Histidine ABC transporter, permease protein 
HisM (TC 3.A.1.3.1) 
amino acid ABC transporter permease 
[Roseovarius tolerans] 
WP_050663433 99 0 
146 259 ABC transporter, permease protein, HisMQ 
family 
ABC transporter permease [Roseovarius 
tolerans] 
WP_050663434 98 0 
147 240 His/Glu/Gln/Arg/opine family ABC transporter, 
periplasmic His/Glu/Gln/Arg/opine family-
binding protein 
amino acid ABC transporter [Roseovarius 
tolerans] 
WP_074784061 97 1E-168 
148 253 Histidine ABC transporter, ATP-binding protein 
HisP (TC 3.A.1.3.1) 
ATP-binding protein [Roseovarius tolerans] WP_074784064 97 0 
225 249 Histidine ABC transporter, ATP-binding protein 
HisP (TC 3.A.1.3.1) 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_074784860 96 3E-173 
407 276 Glutamine ABC transporter, periplasmic 
glutamine-binding protein (TC 3.A.1.3.2) 
glutamine ABC transporter substrate-binding 
protein GlnH [Roseovarius pacificus] 
WP_073034780 91 4E-155 
582 313 L-proline glycine betaine binding ABC 
transporter protein ProX (TC 3.A.1.12.1) 
hypothetical protein [Roseovarius tolerans] WP_050663144 87 0 
771 331 L-proline glycine betaine binding ABC 
transporter protein ProX (TC 3.A.1.12.1) 
ABC transporter [Rhodobacteraceae 
bacterium SB2] 
WP_068359208 89 0 
996 256 Glutamate/glutamine/aspartate/asparagine 
ABC transporter, ATP-binding protein 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_074786945 98 0 
1205 449 Branched-chain amino acid ABC transporter, 
periplasmic substrate- binding protein 
branched-chain amino acid ABC transporter 
substrate-binding protein [Roseovarius 
tolerans] 
WP_050662856 99 0 
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1206 344 Possible ABC transporter subunit branched-chain amino acid ABC transporter 
permease [Roseovarius tolerans] 
WP_050662855 96 0 
1209 252 Branched-chain amino acid ABC transporter, 
ATP-binding protein 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_050662852 99 0 
1374 260 Histidine ABC transporter, ATP-binding protein 
HisP    (TC 3.A.1.3.1) 
amino acid ABC transporter ATP-binding 
protein, PAAT family [Roseovarius lutimaris] 
SFN47392 83 6E-145 
1376 351 Histidine ABC transporter, permease protein 
HisQ       (TC 3.A.1.3.1) 
MULTISPECIES: ABC transporter permease 
[Phaeobacter] 
WP_040169695 84 3E-149 
1583 397 Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1) 
branched-chain amino acid ABC transporter 
substrate-binding protein [Sulfitobacter sp. 
AM1-D1] 
WP_071972603 99 0 
1704 406 Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1) 
amino acid/amide ABC transporter substrate-
binding protein, HAAT family 
[Tranquillimonas alkanivorans] 
SFP96924 86 0 
1759 246 Amino acid ABC transporter, ATP-binding 
protein 
hypothetical protein [Leisingera aquimarina] WP_027255817 96 6E-175 
1793 321 L-proline glycine betaine binding ABC 
transporter protein ProX (TC 3.A.1.12.1) 
glycine/betaine ABC transporter substrate-
binding protein [Roseovarius tolerans] 
WP_074785736 97 0 
1805 403 Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1) 
amino acid/amide ABC transporter substrate-
binding protein, HAAT family [Roseovarius 
azorensis] 
SEM40419 92 0 
2501 275 Glutamine ABC transporter, periplasmic 
glutamine-binding protein (TC 3.A.1.3.2) 
hypothetical protein [Thalassospira sp. TSL5-
1] 
WP_073953142 71 1E-146 
2502 224 polar amino acid ABC transporter, inner 
membrane subunit 
hypothetical protein [Halomonas 
anticariensis] 
WP_016414816 63 3E-90 
2504 222 Amino acid ABC transporter permease protein amino acid ABC transporter permease 
[Fodinicurvata sediminis] 
WP_026988894 75 2E-116 
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3204 230 Methionine ABC transporter ATP-binding 
protein 
putative ABC transport system ATP-binding 
protein [Roseovarius lutimaris] 
SFO18859 95 4E-154 
3320 249 Amino acid ABC transporter, ATP-binding 
protein 
peptide ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_074785389 99 0 
3322 248 Amino acid ABC transporter, permease protein polar amino acid ABC transporter permease 
[Roseovarius tolerans] 
WP_050663016. 98 4E-175 
3323 269 Polar amino acid uptake family ABC 
transporter, periplasmic substrate-binding 
protein 
amino acid ABC transporter substrate-binding 
protein, PAAT family [Roseovarius tolerans] 
SEM40992 96 0 
3532 438 Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1) 
ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_074787222 97 0 
3683 310 L-proline glycine betaine binding ABC 
transporter protein ProX (TC 3.A.1.12.1) 
glycine betaine/proline transport system 
substrate-binding protein [Roseovarius 
azorensis] 
SEL24069 88 0 
3837 330 Branched-chain amino acid ABC transporter, 
permease protein 
branched-chain amino acid ABC transporter 
permease [Roseovarius tolerans] 
WP_050663371 97 0 
3841 275 Branched-chain amino acid ABC transporter, 
ATP-binding protein 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_050663375 96 0 
4626 258 Histidine ABC transporter, ATP-binding protein 
HisP (TC 3.A.1.3.1) 
polar amino acid transport system ATP-
binding protein [Roseovarius lutimaris] 
SFO41180 91 7E-173 
4627 223 Cystine ABC transporter, permease protein polar amino acid transport system permease 
protein [Roseovarius lutimaris] 
SFO41168 94 3E-151 
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Table 26. Genes encoding ABC transporters for peptide uptake. 
Feature 
ID 
A.A
. 
Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
310 616 ABC transporter ATP-binding protein uup glycosyl transferase family 1 [Roseovarius tolerans] WP_050663839 98 0 
402 548 Oligopeptide/dipeptide ABC transporter, 
periplasmic substrate-binding protein 
diguanylate cyclase [Roseovarius sp. A-2] WP_080457236 100 0 
632 274 ABC transporter, permease protein ABC transporter permease [Roseovarius tolerans] WP_074785071 86 9E-
176 
676 196 ABC transporter, ATP-binding protein, 
flagellar 
    
682 347 Oligopeptide/dipeptide ABC transporter, 
permease protein 
peptide ABC transporter permease [Roseovarius 
tolerans] 
WP_050663139 99 0 
685 698 Oligopeptide/dipeptide ABC transporter, 
ATP-binding protein 
ABC transporter ATP-binding protein [Roseovarius 
tolerans] 
WP_050663142 98 0 
762 520 Dipeptide-binding ABC transporter, 
periplasmic substrate-binding component 
(TC 3.A.1.5.2) 
ABC transporter substrate-binding protein            
[Ponticoccus sp. SJ5A-1] 
WP_058862909 91 0 
978 569 Peptide/opine/nickel uptake family ABC 
transporter, periplasmic substrate-binding 
protein 
peptide ABC transporter [Roseovarius tolerans] WP_074785992 96 0 
979 336 Peptide/nickel/opine uptake family ABC 
transporter, permease protein 
ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_074785991 98 0 
1009 552 ABC transporter, ATP-binding protein ABC transporter ATP-binding protein [Roseovarius 
tolerans] 
WP_050664119
. 
98 0 
1377 275 ABC transporter, permease protein ABC transporter permease [Phaeobacter sp. CECT 
5382] 
WP_058333818 82 3E-
149 
1380 606 ABC transporter, ATP-binding protein elongation factor 3 [Roseovarius tolerans] WP_050661259 96 0 
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1446 286 ABC transporter, permease protein ABC transporter permease [Phaeobacter sp. CECT 
7735] 
WP_058310010 90 0 
1452 519 Oligopeptide ABC transporter, periplasmic 
oligopeptide-binding protein OppA (TC 
3.A.1.5.1) 
peptide/nickel transport system substrate-binding 
protein [Lentibacter algarum] 
SDY88271 83 0 
1494 548 Dipeptide-binding ABC transporter, 
periplasmic substrate-binding component 
(TC 3.A.1.5.2) 
peptide/nickel transport system substrate-binding 
protein [Cribrihabitans marinus] 
SEJ95636 87 0 
1496 630 Probable oligopeptide ABC transporter, ATP-
binding protein 
peptide ABC transporter permease [Kiloniella 
litopenaei] 
WP_046509971 83 0 
1609 599 ABC transporter, ATP binding/permease 
protein 
ABC transporter [Roseovarius tolerans] WP_074787304 98 0 
1704 406 Branched-chain amino acid ABC transporter, 
amino acid-binding protein (TC 3.A.1.4.1) 
amino acid/amide ABC transporter substrate-
binding protein, HAAT family [Tranquillimonas 
alkanivorans] 
SFP96924 86 0 
1759 246 Amino acid ABC transporter, ATP-binding 
protein 
hypothetical protein [Leisingera aquimarina] WP_027255817 96 6E-
175 
1911 288 ABC transporter substrate-binding protein ABC transporter substrate-binding protein 
[Ralstonia sp. PBA] 
WP_009522886 51 4E-
106 
2627 537 ABC transporter, substrate binding protein peptide ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_050663310 97 0 
2660 259 ABC transporter ATP-binding protein nitrate ABC transporter ATP-binding protein 
[Acidocella aminolytica] 
WP_048878754 67 2E-
119 
2703 506 ABC transporter ATP-binding protein ABC transporter [Roseovarius tolerans] WP_050662307 95 0 
2980 542 Dipeptide-binding ABC transporter, 
periplasmic substrate-binding component 
(TC 3.A.1.5.2) 
peptide/nickel transport system substrate-binding 
protein [Roseivivax halotolerans] 
SFQ69417 83 0 
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2982 590 Peptide ABC transporter, ATP-binding 
protein 
ABC transporter ATP-binding protein [Maribius 
salinus] 
WP_073127743 78 0 
2987 591 Dipeptide-binding ABC transporter, 
periplasmic substrate-binding component 
(TC 3.A.1.5.2) 
hypothetical protein [Candidatus Rhodobacter 
lobularis] 
WP_049641476 73 0 
3000 681 ABC transporter ATP-binding protein ABC transporter ATP-binding protein [Roseovarius 
tolerans] 
WP_050663723 92 0 
3070 263 ABC transporter permease protein hypothetical protein [Rhizobium sp. YS-1r] WP_037146325 71 4E-
113 
3087 507 Amidase clustered with urea ABC transporter 
and nitrile hydratase functions 
amidase [Paraburkholderia aspalathi] SFU24367 62 0 
3205 386 ABC transporter permease protein putative ABC transport system permease protein 
[Roseovarius lutimaris] 
SFO18837 95 0 
3500 647 Oligopeptide ABC transporter, periplasmic 
oligopeptide-binding protein OppA (TC 
3.A.1.5.1) 
ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_074785133 97 0 
3502 370 Oligopeptide/dipeptide uptake family ABC 
transporter, permease protein 
microcin C transport system permease protein 
[Roseovarius tolerans] 
SEM26107 97 0 
3503 542 Oligopeptide/dipeptide uptake family ABC 
transporter, ATP-binding protein 
ABC transporter ATP-binding protein [Roseovarius 
tolerans] 
WP_050661375 96 0 
3507 221 ABC transporter ATP-binding protein YvcR ABC transporter [Roseovarius tolerans] WP_050663057 95 1E-
134 
3508 841 ABC transporter, permease protein, putative drug:proton antiporter [Roseovarius tolerans] WP_074785600
. 
94 0 
3684 518 ABC transporter, substrate binding protein 
[oligopeptide] [KO:K02035] 
peptide ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_074786847 95 0 
3846 551 Oligopeptide/dipeptide ABC transporter, 
periplasmic substrate-binding protein 
diguanylate cyclase [Roseovarius tolerans] WP_050661881 86 0 
113 
4009 715 Oligopeptide ABC transporter, periplasmic 
oligopeptide-binding protein OppA (TC 
3.A.1.5.1) 
MULTISPECIES: hypothetical protein 
[Oceanibulbus] 
WP_067928084 78 0 
4271 306 Peptide ABC transporter, permease protein ABC transporter permease [Roseovarius tolerans] WP_050662988 98 0 
4272 506 Dipeptide-binding ABC transporter, 
periplasmic substrate-binding component 
(TC 3.A.1.5.2) 
Heme-binding protein A precursor [Roseovarius 
tolerans] 
KNX41320 97 0 
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Table 27. Genes encoding ABC transporters for metal uptake. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identit
y (%) 
E value 
1402 387 Ferric iron ABC transporter, ATP-binding 
protein 
ABC transporter ATPase [Roseovarius tolerans] WP_050661920 95 0 
2409 311 Manganese ABC transporter, inner 
membrane permease protein SitD 
zinc ABC transporter permease [Roseobacter 
litoralis] 
WP_013963540 87 0 
2410 406 Manganese ABC transporter, inner 
membrane permease protein SitC 
zinc ABC transporter permease [Roseobacter 
denitrificans] 
WP_011567210 89 0 
2411 273 Manganese ABC transporter, ATP-binding 
protein SitB 
manganese ABC transporter ATP-binding protein 
[Roseobacter litoralis] 
WP_013963538 86 2E-169 
2412 319 Manganese ABC transporter, periplasmic-
binding protein SitA 
periplasmic metal ion-binding lipoprotein 
[Roseobacter litoralis Och 149] 
AEI95654 84 0 
2550 562 Ferric iron ABC transporter, permease 
protein 
ABC transporter permease [Labrenzia aggregata] WP_055655824 87 0 
2551 345 Ferric iron ABC transporter, ATP-binding 
protein 
ABC transporter ATP-binding protein 
[Pseudooceanicola batsensis] 
WP_009804148 80 0 
2552 336 Ferric iron ABC transporter, iron-binding 
protein 
iron ABC transporter substrate-binding protein 
[Pseudooceanicola batsensis] 
WP_009804147 87 0 
2747 332 Zinc ABC transporter, periplasmic-binding 
protein ZnuA 
zinc transporter [Sulfitobacter noctilucae] WP_025050327 78 1E-172 
2749 259 Zinc ABC transporter, ATP-binding protein 
ZnuC 
zinc transport system ATP-binding protein 
[Roseovarius lutimaris] 
SFO05806 84 4E-157 
2750 266 Zinc ABC transporter, inner membrane 
permease protein ZnuB 
hypothetical protein [Sulfitobacter sp. AM1-D1] WP_071974276 87 2E-151 
2959 555 Ferric iron ABC transporter, permease 
protein 
iron ABC transporter permease [Roseovarius 
tolerans] 
WP_050663747. 96 0 
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3409 339 Ferric iron ABC transporter, iron-binding 
protein 
Fe(3+) ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_050663453 96 0 
3978 260 Molybdenum ABC transporter, periplasmic 
molybdenum-binding protein ModA (TC 
3.A.1.8.1) 
Molybdate-binding periplasmic protein precursor 
[Roseovarius tolerans] 
KNX39904. 83 1E-146 
4316 356 Hemin ABC transporter, permease protein iron ABC transporter [Roseovarius tolerans] WP_074785437 94 0 
4535 337 ABC transporter 
(iron.B12.siderophore.hemin) , periplasmic 
substrate-binding component 
ABC transporter substrate-binding protein 
[Thioclava dalianensis] 
WP_051693697 84 0 
4536 353 ABC transporter 
(iron.B12.siderophore.hemin) , permease 
component 
ABC transporter permease [Thioclava dalianensis] WP_038069467 90 0 
4537 254 Cobalt ABC transporter, ATP-binding 
component CbtL 
histidinol phosphatase [Rhodovulum 
sulfidophilum] 
WP_075787718 84 3E-148 
4056 219 ABC transporter involved in cytochrome c 
biogenesis, CcmB subunit 
heme exporter protein CcmB [Roseovarius 
tolerans] 
WP_050661176 99 4E-140 
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Table 28. Genes encoding ABC transporters for phosphate, phosphonate, and urea uptake. 
Feature ID A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
413 292 Phosphonate ABC transporter phosphate-
binding periplasmic component (TC 3.A.1.9.1) 
phosphonate ABC transporter substrate-
binding protein [Roseovarius sp. 
MCTG156(2b)] 
WP_037247462 72 1E-139 
479 275 Phosphonate ABC transporter ATP-binding 
protein (TC 3.A.1.9.1) 
phosphonate ABC transporter ATP-binding 
protein [Roseovarius tolerans] 
WP_074788057 95 0 
480 301 Phosphonate ABC transporter phosphate-
binding periplasmic component (TC 3.A.1.9.1) 
phosphonate transport system substrate-
binding protein [Roseovarius azorensis] 
SEL94547 91 0 
481 291 Phosphonate ABC transporter permease protein 
phnE2 (TC 3.A.1.9.1) 
phosphonate ABC transporter, permease 
protein PhnE [Roseovarius tolerans] 
WP_074788055 93 0 
482 444 Phosphonate ABC transporter permease protein 
phnE1 (TC 3.A.1.9.1) 
phosphonate ABC transporter, permease 
protein PhnE [Roseovarius tolerans] 
WP_074788054 93 0 
776 256 Urea carboxylase-related ABC transporter, 
ATPase protein 
NitT/TauT family transport system ATP-
binding protein [Poseidonocella 
sedimentorum] 
SFQ94505 81 3E-149 
777 271 Urea carboxylase-related ABC transporter, 
permease protein 
NitT/TauT family transport system 
permease protein [Poseidonocella 
sedimentorum] 
SFQ94502 84 2E-155 
778 355 Urea carboxylase-related ABC transporter, 
periplasmic substrate-binding protein 
lipid kinase [Maritimibacter alkaliphilus] WP_008330581 84 0 
1485 270 Phosphonate ABC transporter permease protein 
phnE1 (TC 3.A.1.9.1) 
phosphonate transport system permease 
protein [Roseovarius lutimaris] 
SFO33653 99 0 
1486 265 Phosphonate ABC transporter permease protein 
phnE2 (TC 3.A.1.9.1) 
phosphonate transport system permease 
protein [Roseovarius lutimaris] 
SFO33637 98 1E-179 
1487 259 Phosphonate ABC transporter ATP-binding 
protein (TC 3.A.1.9.1) 
phosphonate transport system ATP-binding 
protein [Roseovarius lutimaris] 
SFO33617 98 0 
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1488 326 Phosphonate ABC transporter phosphate-
binding periplasmic component (TC 3.A.1.9.1) 
phosphonate transport system substrate-
binding protein [Roseovarius lutimaris] 
SFO33603 97 0 
1595 427 Urea ABC transporter, urea binding protein urea ABC transporter substrate-binding 
protein [Roseovarius tolerans] 
WP_050662603 97 0 
1596 658 Urea ABC transporter, permease protein UrtB branched-chain amino acid ABC transporter 
permease [Roseovarius tolerans] 
WP_050662604 94 0 
1597 388 Urea ABC transporter, permease protein UrtC urea ABC transporter permease subunit 
UrtC [Roseovarius tolerans] 
WP_074786170 96 0 
1598 247 Urea ABC transporter, ATPase protein UrtD ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_050662606 96 8E-172 
1599 232 Urea ABC transporter, ATPase protein UrtE ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_050662607 97 1E-158 
2658 334 Urea carboxylase-related ABC transporter, 
periplasmic substrate-binding protein 
NitT/TauT family transport system 
substrate-binding protein [Rubrimonas 
cliftonensis] 
SDZ74757 73 5E-160 
2976 374 Urea ABC transporter, substrate binding protein 
UrtA 
hypothetical protein [Maribius sp. MOLA 
401] 
WP_03617395 67 4E-158 
3265 345 Phosphate ABC transporter, periplasmic 
phosphate-binding protein PstS (TC 3.A.1.7.1) 
phosphate ABC transporter substrate-
binding protein [Roseovarius marisflavi] 
WP_073194214 71 1E-176 
4633 388 Urea ABC transporter, urea binding protein aliphatic amidase expression-regulating 
protein [Octadecabacter antarcticus] 
WP_044043503 69 0 
4635 413 Urea ABC transporter, urea binding protein urea ABC transporter substrate-binding 
protein [Octadecabacter antarcticus] 
WP_015499586 90 0 
4636 291 Urea ABC transporter, permease protein UrtB ABC transporter permease protein 
[Octadecabacter antarcticus 307] 
AGI67561 86 4E-159 
4637 366 Urea ABC transporter, permease protein UrtC ABC transporter permease protein 
[Octadecabacter antarcticus 307] 
AGI67562 81 0 
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4638 240 Urea ABC transporter, ATPase protein UrtD ABC transporter ATP-binding protein 
[Octadecabacter antarcticus] 
WP_015499589 85 6E-146 
4639 238 Urea ABC transporter, ATPase protein UrtE ABC transporter ATP-binding protein 
[Octadecabacter antarcticus] 
WP_015499590 84 7E-140 
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Table 29. Genes encoding ABC transporters for polyamine uptake. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
374 394 Polyamine ABC transporter, permease 
protein 
Inner membrane ABC transporter permease 
protein YdcV [Roseovarius tolerans] 
KNX41381 96 0 
375 556 Polyamine ABC transporter, permease 
protein 
polyamine ABC transporter permease 
[Roseovarius tolerans] 
WP_074787119 94 0 
387 365 Putrescine ABC transporter putrescine-
binding protein PotF (TC 3.A.1.11.2) 
spermidine/putrescine ABC transporter 
substrate-binding protein PotF [Roseovarius 
pacificus] 
WP_073034986 78 0 
1909 582 Spermidine Putrescine ABC transporter 
permease component PotB (TC 3.A.1.11.1) 
ABC transporter permease [Neorhizobium 
galegae] 
WP_052764682 54 0 
2651 293 ABC transporter permease protein spermidine/putrescine ABC transporter 
permease [Rhodobacteraceae bacterium (ex 
Bugula neritina AB1)] 
OED47984 54 1E-107 
2652 265 ABC transporter permease component polyamine ABC transporter permease 
[Aureimonas frigidaquae] 
WP_062228036 69 2E-117 
2650 379 ABC transporter, periplasmic spermidine 
putrescine-binding protein PotD (TC 
3.A.1.11.1) 
spermidine/putrescine transport system 
substrate-binding protein [Ancylobacter 
rudongensis] 
SCW29406 61 1E-171 
3069 396 ABC transporter permease protein putative spermidine/putrescine transport 
system permease protein [Rhizobium sp. 
NFR07] 
SFA84344 71 3E-133 
4182 119 Spermidine Putrescine ABC transporter 
permease component PotB (TC 3.A.1.11.1) 
ABC-type spermidine/putrescine transport 
system, permease component I [Roseovarius 
mucosus DSM 17069] 
KGM87493 77 5E-12 
4183 101 Spermidine Putrescine ABC transporter 
permease component PotB (TC 3.A.1.11.1) 
ABC permidine/putrescine transporter, inner 
membrane subunit [Roseovarius sp. 217] 
EAQ25015 90 4E-21 
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4303 283 Spermidine Putrescine ABC transporter 
permease component potC (TC_3.A.1.11.1) 
ABC transporter permease [Roseovarius 
tolerans] 
WP_074784305 97 0 
4304 286 Spermidine Putrescine ABC transporter 
permease component PotB (TC 3.A.1.11.1) 
spermidine/putrescine ABC transporter 
permease [Roseovarius tolerans] 
WP_050661839 98 0 
4306 358 ABC transporter, periplasmic spermidine 
putrescine-binding protein PotD (TC 
3.A.1.11.1) 
spermidine/putrescine ABC transporter 
substrate-binding protein [Roseovarius 
tolerans] 
WP_074784311 96 0 
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Table 30. Genes encoding ABC transporters for sugar alcohol uptake. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E 
value 
1128 270 Glycerol-3-phosphate ABC transporter, 
permease protein UgpE (TC 3.A.1.1.3) 
ABC transporter permease [Roseovarius tolerans] WP_050664093 97 0 
1129 298 Glycerol-3-phosphate ABC transporter, 
permease protein UgpA (TC 3.A.1.1.3) 
ABC transporter permease [Roseovarius tolerans] WP_050664094 97 0 
1130 419 Glycerol-3-phosphate ABC transporter, 
periplasmic glycerol-3-phosphate-binding 
protein (TC 3.A.1.1.3) 
ABC transporter substrate-binding protein 
[Roseovarius sp. 217] 
WP_009818024 92 0 
1131 345 Glycerol-3-phosphate ABC transporter, ATP-
binding protein UgpC (TC 3.A.1.1.3) 
ABC transporter ATP-binding protein 
[Roseovarius sp. BRH_c41] 
KJS44700 90 0 
2065 255 Lipopolysaccharide ABC transporter, ATP-
binding protein LptB 
LPS export ABC transporter ATP-binding protein 
[Roseovarius marisflavi] 
WP_073196305 84 2E-150 
2285 223 Capsular polysaccharide ABC transporter, 
ATP-binding protein KpsT 
hypothetical protein [Salipiger mucosus] WP_020039272 84 8E-133 
2471 350 Glycerol-3-phosphate ABC transporter, ATP-
binding protein UgpC (TC 3.A.1.1.3) 
sn-glycerol-3-phosphate ABC transporter ATP-
binding protein UgpC [Roseovarius tolerans] 
WP_074787982 91 0 
2472 286 Glycerol-3-phosphate ABC transporter, 
permease protein UgpE (TC 3.A.1.1.3) 
Lactose transport system permease protein LacG 
[Roseovarius tolerans] 
KNX41263 98 0 
2473 305 Glycerol-3-phosphate ABC transporter, 
permease protein UgpA (TC 3.A.1.1.3) 
carbohydrate ABC transporter membrane 
protein 1, CUT1 family [Roseovarius tolerans] 
SEN58247 99 0 
2474 436 Glycerol-3-phosphate ABC transporter, 
periplasmic glycerol-3-phosphate-binding 
protein (TC 3.A.1.1.3) 
sn-glycerol-3-phosphate ABC transporter 
substrate-binding protein [Roseovarius tolerans] 
WP_074787983 95 0 
2876 220 Capsular polysaccharide ABC transporter, 
ATP-binding protein KpsT 
ABC transporter [Roseovarius sp. MCTG156(2b)] WP_037246011 94 1E-152 
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3655 362 Glycerol-3-phosphate ABC transporter, ATP-
binding protein UgpC (TC 3.A.1.1.3) 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_050661050 96 0 
3656 355 Glycerol-3-phosphate ABC transporter, ATP-
binding protein UgpC (TC 3.A.1.1.3) 
ABC transporter ATP-binding protein 
[Roseovarius tolerans] 
WP_074787641 96 0 
3657 292 Glycerol-3-phosphate ABC transporter, 
permease protein UgpA (TC 3.A.1.1.3) 
ABC transporter permease [Roseovarius tolerans] WP_050661051 98 0 
3658 275 Glycerol-3-phosphate ABC transporter, 
permease protein UgpE (TC 3.A.1.1.3) 
sugar ABC transporter permease [Roseovarius 
tolerans] 
WP_050661052 99 0 
3660 573 Glycerol-3-phosphate ABC transporter, 
permease protein UgpA (TC 3.A.1.1.3) 
ABC transporter substrate-binding protein 
[Roseovarius tolerans] 
WP_050661056 98 0 
3706 253 Lipopolysaccharide ABC transporter, ATP-
binding protein LptB 
lipopolysaccharide export system ATP-binding 
protein [Roseovarius lutimaris] 
SFN48487 76 1E-133 
3872 425 Various polyols ABC transporter, periplasmic 
substrate-binding protein 
sugar ABC transporter substrate-binding protein 
[Ruegeria sp. ZGT118] 
WP_068347769 87 0 
3873 289 Various polyols ABC transporter, permease 
component 1 
sorbitol ABC transporter membrane protein 
/mannitol ABC transporter membrane protein 
[Roseovarius lutimaris] 
SFN43656 94 0 
3874 277 Various polyols ABC transporter, permease 
component 2 
sorbitol ABC transporter membrane protein 
/mannitol ABC transporter membrane protein 
[Roseovarius lutimaris] 
SFN43639 95 0 
3875 335 Various polyols ABC transporter, ATP-
binding component 
ABC transporter ATP-binding protein 
[Sulfitobacter sp. NAS-14.1] 
WP_009826969 87 0 
3876 261 Various polyols ABC transporter, periplasmic 
substrate-binding protein 
sugar ABC transporter substrate-binding protein 
[Ruegeria sp. ZGT118] 
WP_068347770 91 0 
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Table 31. Genes encoding ABC transporters for vitamin B12 uptake. 
Feature 
ID 
A.A. Annotation Blastp top hit [organism] Accession # Identity 
(%) 
E value 
80 267 Vitamin B12 ABC transporter, B12-binding 
component BtuF 
corrinoid ABC transporter substrate-binding 
protein [Roseovarius sp. A-2] 
GAW36746 100 0 
81 328 Vitamin B12 ABC transporter, permease 
component BtuC 
ABC transporter permease [Roseovarius 
tolerans] 
WP_074786558 90 0 
82 253 Vitamin B12 ABC transporter, ATPase component 
BtuD 
ABC transporter [Roseovarius tolerans] WP_050661512 95 3E-169 
246 259 Vitamin B12 ABC transporter, ATPase component 
BtuD 
ABC transporter [Roseovarius tolerans] WP_074784832 91 8E-147 
247 331 Vitamin B12 ABC transporter, permease 
component BtuC 
iron ABC transporter permease [Roseovarius 
sp. A-2] 
WP_080457029 99 0 
248 343 Vitamin B12 ABC transporter, B12-binding 
component BtuF 
iron ABC transporter substrate-binding 
protein [Roseovarius tolerans] 
WP_050661901 93 0 
Chapter IV: General Discussion 
  
The study described in this dissertation provides important information about the potential 
application and a draft genome of iodide-oxidizing bacteria isolated from natural gas brine 
water in Japan. In this study, iodide-oxidizing bacteria from group A (Roseovarius sp. A-2) 
and group B (Iodidimonas sp. Q-1) were used, both of which secreted a novel multicopper 
oxidase (IOX). Two main strategies were used to achieve these goals: 
a) Examining the antimicrobial potency of the IOX system from Iodidimonas sp. strain 
Q-1 against various microorganisms, including Gram-positive and -negative bacteria, 
yeast, and fungi. In addition, the sporicidal efficiency of the IOX system was compared 
with that of another iodine-based disinfectant, PVP-I, by using Bacillus spores. 
Furthermore, free iodine content was measured to prove that the IOX system 
continuously produced much higher I2 than PVP-I, and that the IOX system was a more 
effective antimicrobial than PVP-I. 
b) Reporting information of the draft genome of Roseovarius sp. strain A-2, which 
contained a gene encoding IoxA, a multicopper oxidase previously found to catalyze 
the oxidation of iodide in Iodidimonas sp. Q-1. This draft genome provides detailed 
insights into the metabolism and potential future application of Roseovarius sp. A-2.  
The first half of this dissertation focuses on the antimicrobial system of IOX, a novel 
multicopper oxidase isolated from Iodidimonas sp. strain Q-1. The efficacy of the IOX system 
against microbial vegetative cells and spores was studied, and its antimicrobial effect was 
compared with that of PVP-I, a common iodine-based disinfectant. IOX is a multicopper 
oxidase, and is considered the most efficient iodide-oxidizing enzyme among multicopper 
oxidases (MCOs). Preliminary study on minimum inhibitory concentrations of the IOX system 
against E. coli showed that the bacterium continued to grow well at low concentrations (5 to 
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10 mU mL-1) of the IOX system and that its growth was inhibited at 15 mU.mL-1. An IOX 
concentration of above 20 mU mL-1 inhibited bacterial growth completely. However, E. coli 
growth was not inhibited by 20 mU mL-1 of IOX treated at 121°C for 15 min, indicating that 
the bacterial growth was only inhibited by the active enzyme. 
The IOX system produces high levels of free iodine, which belongs to a group of reactive 
halogen elements acting as oxidizing agents. The halogens, including iodine (I2), chlorine (Cl2), 
fluorine (F2), and bromine (Br2), share the same broad-spectrum antimicrobial activity, 
depending on the application and the concentration. In this study, the IOX system exhibited 
broad-spectrum antimicrobial activity against Gram-negative bacteria (Aeromonas hydrophila, 
Enterobacter cloacae, Salmonella enterica, Serratia marcescens and Yersinia enterocolitica), 
Gram-positive bacteria (Bacillus atrophaeus and Staphylococcus aureus), yeast 
(Saccharomyces cerevisiae), and fungi (Aspergillus niger). These microorganisms were 
rapidly killed at 50 mU mL-1 of the IOX system within 5 min, except the fungus A. niger that 
was killed within 10 min. IOX oxidizes I- to produce I2 without any peroxide agents. I2 is mainly 
responsible for the rapid antimicrobial action owing to its ability to rapidly penetrate the 
microbial cell wall. Thus, I2 is considered a crucial antimicrobial agent, although its exact mode 
of action is not fully understood. Similar to other reactive oxidizing agents, I2 exerts multiple 
effects on microbial cell components, such as the cell membrane and cell wall, in a short time. 
Reactive I2 has been shown to attack amino acids (especially lysine, cysteine, arginine, and 
histidine) and to cause loss of function and structure and protein disruption. Furthermore, I2 
reacts with organic compounds in the cell membrane structure (including nucleic acids, lipids, 
and fatty acids) that causes loss of cell function and destruction (McDonnell, 2007).  
IOX oxidizes I- to produce I2 with oxygen as an electron acceptor without the need of 
peroxide agents, which are known to be unsafe for personnel owing to their toxic and corrosive 
nature. The IOX system is not only a much safer antimicrobial enzyme for humans and the 
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environment, but is also simpler to produce compared to a peroxidase-based antimicrobial 
system. Lately, researchers have aimed to explore and evaluate natural antimicrobial resources 
as novel disinfectants for industrial sectors, such as in the food industry, pharmaceutical 
industry, and wastewater treatment. Owing to its advantages, the IOX system is expected to be 
suitable for such applications. However, the application of the IOX system requires further 
examination, since iodine possesses a characteristic toxicity and stains the skin and fabric. 
Another antimicrobial enzyme system—the Curvularia haloperoxidase system, isolated from 
the filamentous fungus C. verruculosa—oxidizes halides including chloride, bromide, and 
iodide in the presence of hydrogen peroxide and is proven as a potential disinfectant for contact 
lenses (Hansen, 2003). However, hydrogen peroxide is corrosive in nature. Horseradish 
peroxidase contains high free molecular iodine, which kills S. aureus and B. subtilis spores 
more rapidly compared to Betadine (Hickey et al, 1978).  
In order to gain further insights into the strength of the IOX system as a natural disinfectant, 
this study examined the sporicidal efficiency of this enzyme system against three types of 
Bacillus spores, compared to that of a general iodine disinfectant PVP-I. The results showed 
that 300 mU mL-1 of the IOX system effectively eliminated B. cereus and B. subtilis spores 
within a period of 20 min and 60 min, respectively, compared to 0.1 % PVP-I which eliminated 
within 40 min and more than within 120 min, respectively. Moreover, 300 mU.mL-1 of the IOX 
system against G. stearothermophilus spores, which are resistant to all disinfectants, showed 
99.88% spore death compared to a rate of 65% observed with 0.1% PVP-I. Based on the D-
value calculation, 300 mU.mL-1 of the IOX system exhibited sporicidal activity 2.1–6.6 times 
higher than that of 0.1% PVP-I. Iodine and iodophores are considered effective bactericidal 
and sporicidal agents (Russell, 1990). PVP-I is a well-known skin cleanser and surgical scrub, 
and several studies have reported the use of PVP-I in wound care (Kida, 2009; Weber et al., 
 127 
2007, Burks, 1998). In this study, it showed that PVP-I has a moderate sporicidal activity than 
the IOX system against G. stearothermophilus spores.  
Furthermore, the IOX system contained much higher free iodine levels and exhibited 
superior sporicidal activity compared to PVP-I. In the IOX system, relatively having high free 
iodine levels are probably maintained by the continuous regeneration of I2 from I
-, which is 
released by I2 after the oxidation of cell components, such as proteins. It is important to 
understand the mechanisms by which IOX acquires resistance to I2 and is able to continuously 
produce I2. In addition, heterologous expression of IOX is being investigated to develop more 
effective antimicrobial systems. 
The draft genome of Roseovarius sp. A-2, a heterotrophic iodide-oxidizing bacterium from 
group A of Alphaproteobacterium, was determined. Roseovarius sp. A-2 was isolated from 
iodide-rich, natural gas brine water in Chiba-Japan. This strain oxidizes iodide (I-) to molecular 
iodine (I2) to produce an extracellular multicopper oxidase. The draft genome of this strain 
contained 46 tRNA genes, 1 copy of a 16S-23S-5S rRNA operon, and 4,514 protein-coding 
DNA sequences, of which 1,207 (27%) were hypothetical proteins.  
The genome contained at least three multicopper oxidase genes (feature ID 95, 277 and 
3667). Among these, one multicopper oxidase (feature ID 3667) was closely related to IoxA, 
which was previously found to be involved in iodide oxidation in Iodidimonas sp. Q-1 (Suzuki 
et al., 2012).  
Roseovarius sp. A-2 was recently characterized as an iodide-oxidizing enzyme, which 
produces an extracellular protein, and has significant oxidizing activities not only for iodide 
but also for p-phenylenediamine and hydroquinone (Shiroyama et al., 2015). Based on Tandem 
mass spectrometric analysis, a multicopper oxidase detected in Roseovarius sp. A-2 revealed 
that it is homologous to IoxA, similar to the previously found component of the iodide-
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oxidizing enzyme of Iodidimonas sp. Q-1 (Suzuki et al., 2012). IoxA is a novel type of bacterial 
multicopper oxidase, and is expected to be used as an enzyme-based antimicrobial system 
owing to its strong molecular iodine (I2)-producing activity (Yuliana et al., 2015).  
Large amounts of proteins were involved in central carbon metabolism, particularly for 
glycolysis and glyconeogenesis, tricarboxylic acid (TCA) cycle, and pentose phosphate 
pathway. However, a key gene encoding phosphofructokinase (pfk) for glycolysis was not 
detected, causing an inability of the bacterium to utilize glucose for growth. The inability to 
grow on glucose has been observed commonly in Roseovarius spp., possibly due to a lack of 
pfk [Labrenz et al 1999, Biebl et al 2005]. Genes involved in starch, sucrose, and galactose 
metabolism were also found to be absent. Roseovarius sp. A-2 could utilize pyruvate, glycerol, 
acetate, intermediates of TCA cycle, and alanine as its carbon sources. A complete set of genes 
for the TCA cycle and pentose phosphate pathway were predicted. 
The genome contained dissimilatory nitrate reductase (nar) and assimilatory nitrate 
reductase (narA), which indicates that Roseovarius sp. A-2 can utilize nitrate for anaerobic 
respiration as an electron acceptor. However, the genome did not contain either nitrite 
reductase (nir) or nitrogenase (nif) genes or the photosynthetic gene cluster (puf, bch, and crt 
genes), which are typically found in Iodidimonas sp. Q-1 [Ehara et al 2014] and other 
Roseovarius spp. [Voget et al 2015, Riedel et al 2015]. In addition, there were no autotrophic 
CO2 fixation pathway genes such as rbc genes.  
The genome contained at least 46 genes associated with cytochrome c, which is involved 
in electron transfer and is a component in the respiratory chain in the cytoplasmic membrane. 
Genes encoding cytochrome c, such as heme lyase subunit (ccmF), also play a role in molecular 
function and biological processes. Nearly complete sets of genes for the flagellar system (flg, 
fli, and mot), type II secretion system (gsp), type IV secretion system (virB), general secretion 
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system (sec), and twin-arginine translocation pathway (tat) were identified. A wide variety of 
ABC transporters, including those involved in sulfate, tungstate, molybdate, zinc, iron (III), 
phosphate, phosphonate, taurine, spermidine, putrescine, glycine betaine, sorbitol/mannitol, 
glycerol, sn-glycerol 3-phosphate, and urea transport were identified.  
Roseovarius sp. A-2 contained two distinct carbon monoxide dehydrogenase gene clusters. 
In these clusters, coxL genes encode the large catalytic subunit of CODH, including form I as 
a definitive CODH and form II as a putative CODH. Both forms I and II allow strain A-2 to 
oxidize CO to form CO2. The draft genome of strain A-2 has a complete set of sox genes 
encoding a functional Sox multienzyme complex. This type of gene, mostly found in the marine 
Roseobacter clade, plays a role in the oxidation of reduced inorganic sulfur (sulfur, thiosulfate, 
hydrogen sulfide, and sulfite) to sulfate and can be used as an alternative energy source for 
mixotropic growth (Moran et al. 2004). 
Various proteins involved in aerobic metabolism, such as NADH dehydrogenases (nuo), 
succinate dehydrogenases (sdh and frd), cytochrome-c oxidases (cbb3-type and quinol 
oxidases), catalase-peroxidases (katG), and superoxide dismutases (sodB) were identified. The 
results suggested that Roseovarius sp. A-2 is an aerobic heterotrophic iodide (I-)-oxidizing 
bacterium, and is well adapted to brine water environments. 
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